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Preface

The NASA Lewis general chemical kinetics and sensitivity analysis code,

LSENS, has been described in a recent series of three NASA reference publications.

This code computes the progress of complex (multistep) molecular processes in a

homogeneous gas mixture for several reaction models. For a static (nonflow)

chemical reaction it also lets the user perform a sensitivity analysis of the reacting

system simultaneously with the chemical kinetics computation. Sensitivity analysis

gives the user the ability to rapidly determine the relatively few individual reactions

that are rate controlling in a system where many simultaneous steps are occurring.

This ability is very useful in the task of mechanism development, especially for the
complicated reactions occurring during the oxidation of hydrocarbon fuels. The

significant effort now being given to modeling gas turbine and ramjet combustors

has made it necessary to understand these oxidation processes so that realistic heat-

release models can be developed. These models are needed as part of the numerous

comprehensive computational fluid dynamics (CFD) computer codes that are

being developed to model practical combustors.

Even if detailed oxidation mechanisms (typically containing I00 or more
molecular steps) were known for even simple hydrocarbon fuels, they could not be

used directly in the present-day CFD codes because execution times would become

impractically long. Therefore, smaller mechanisms have been developed in recent

years for many hydrocarbon oxidations. Acommon technique is to combine several

molecular steps into a single overall, or global, reaction. The rate expression for a

global step is developed empirically from analysis of experimental data and differs
from that for a molecular step. Mechanisms containing only global reactions or

both global and molecular reactions have been developed. They give good
temperature and heat-release profiles and also a limited number of realistic species-

composition profiles over a limited range of experimental conditions. However,

they lack all the details of a complete molecular mechanism. Of course, the

applicability of such all-global or quasi-global (global plus molecular reactions)

mechanisms is limited to the range of experimental conditions used to develop
them.

So that the LSENS code can be more useful in heat-release computations for

practical combustion systems, two new capabilities have been added to it. The first

is the ability to use both molecular and global reactions in a chemical mechanism.

As far as is known, no other general chemical kinetics code in use today has this

ability. Second, the ability to perform rapid and convenient sensitivity analysis has

been extended to a second chemical model contained in the original LSENS,

namely the perfectly stirred reactor (PSR) model, which is often used to simulate

the backmixing type of reaction in a practical gas turbine combustor. This reference
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publicationdocuments the new code GLSENS, which incorporates both these

additions to the original LSENS code. Chapter 2 discusses the rate equations for

both molecular and global reactions and also presents the derivation of the equations

used to compute sensitivity coefficients for the PSR reaction model. Chapter 3

describes the coding modifications and new subroutines needed to incorporate the

PSR sensitivity analysis equations into GLSENS. It also gives a detailed description

of the modified input for global reactions. Chapter 4 presents nine example

problems that use global and quasi-global mechanisms to compute the course of

PSR and integration problems. Several of the PSR problems illustrate the computation
of sensitivity coefficients using the newly encoded equations. These results are

verified by comparison with sensitivity coefficients obtained by the direct approach

of increasing and decreasing a given parameter and computing the effect on all

dependent variables.

For users who wish to execute several problems in one problem data file, the

appendix presents a set of seven additional test cases set up in a single data file.
These cases illustrate the multiple-case ability of GLSENS, which allows the user

to conveniently perform several computations with the same mechanism in a single
computer run or to easily modify the reaction mechanism and repeat a calculation.

The user will very likely be able to use the test-case files presented in this report

as models in preparing any desired problem data file.

Information about code availability can be obtained from COSMIC, University

of Georgia, 328 East Broad Street, Athens, GA 30602; telephone, (706) 542-3265.
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Chapter 1

Introduction

This reference publication describes a new computer code,

GLSENS, which adds two new capabilities to the general

chemical kinetics and sensitivity code LSENS developed at

NASA Lewis Research Center. LSENS performs complex

chemical kinetics computations for any chemical system and
several different reaction types, including static and one-
dimensional flow reaction, shock-initiated chemical reaction,

and the fully backmixed perfectly stirred reactor. All chemical
reactions are molecular processes whose rates are calculated
from the law of mass action. For static (nonflow) reactions

LSENS also computes, at the user's option, linear normalized

sensitivity coefficients. These coefficients measure, approxi-

mately, the percent change in any dependent variable caused

by a 1-percent change in either a reaction rate coefficient or
the initial conditions of the problem (e.g., temperature or mix-

ture composition). In the documentation reports for LSENS
(refs. 1 to 3) two sets of ordinary differential equations (ODE's)

are derived. Solving the first set gives the kinetics solution

(i.e., the temporal variation of all dependent variables). These

results may then be used to solve the second set of ODE's for

the sensitivity coefficients of the dependent variables in a static,
nonisothermal chemical reaction. Details of the solution of these

equations, as incorporated into LSENS, are also given.
The first enhancement in GLSENS is the ability to use

mechanism reactions that are not individual molecular steps

but combinations of several of these steps. Using these "glo-

bal" reactions loses the fine details of the molecular steps but

can give reasonably accurate predictions of the temperature

profile and heat-release rate as well as important pollutant spe-

cies profiles in a practical combustion system. A major effort
today in combustion research is the theoretical modeling of

such gas turbine and ramjet systems. This task often requires
the numerical solution of the Navier-Stokes flow equations

coupled with models of turbulence generation and heat release
in the flow. For many years oversimplified, unrealistic chemi-
cal oxidation mechanisms have been used in the heat-release

terms of these complicated computational fluid dynamics

(CFD) codes. A detailed fuel oxidation mechanism contains a

large number of molecular steps, and a numerical analysis code

such as LSENS was required for accurate modeling of the heat-

release process. Because coupling a complete complex kinet-

ics code to most CFD codes is impractical, there has been sig-
nificant use in recent years of simplified oxidation mechanisms

containing global reactions, which are computationally rapid

and still realistic. A recent paper by Bittker (ref. 4) surveys the

present status of this work. The important difference between

molecular and global reactions is in the method used to calcu-

late the global reaction rate. A global reaction rate is deter-

mined empirically by least-squares fitting of experimental data
to an assumed formula. To make the GLSENS code useful in

performing practical kinetics computations, the ability to use

global reactions along with molecular processes has been added.
This reference publication discusses the form of the global re-

action rate equation and gives details of its addition to the

GLSENS code. Input changes needed to use global reactions
are discussed, and several test cases using this type of reaction

are presented.
A second new ability in GLSENS is the computation of

sensitivity coefficients for the PSR combustion model, which

is often used as an approximate model of the highly turbulent

gas turbine combustion. The sensitivity analysis method for

nonflow processes, which is part of LSENS, does not apply to
the PSR model. Previous work has shown how sensitivity analy-

sis is an important tool in developing detailed chemical mecha-

nisms for the ignition and oxidation of pure hydrocarbon

components of practical fuels. Early computations by Bittker

(ref. 5) on the lower temperature (~1100 K) ignition of
benzene and toluene mixtures with oxygen first applied the

LSENS technique of nonisothermal sensitivity analysis to un-

derstanding the complex oxidation mechanisms of these aro-

matic components of real fuels. More recent work by Bittker

(ref. 6) and by Emdee et al. (ref. 7) has resulted in significantly

improved benzene and toluene oxidation mechanisms that give

the important molecular steps during the ignition and early heat-

release phases of the reactions. The results of static-reaction
sensitivity analysis can be expected to also give useful



informationabouttheimportantreactionsin a similar one-

dimensional plug flow process in which there is no backmixing.

It would be expected that different reactions are rate control-

ling for the higher temperature, completely backmixed PSR.

To develop oxidation mechanisms valid for the PSR, a conve-
nient method of calculating sensitivity coefficients for this type
of combustion model is needed.

The combustion of several hydrocarbon fuels in a stirred

reactor has been studied both experimentally and theoretically

by several investigators (refs. 8 to 11). In all these papers sen-

sitivity analysis was performed on the chemical mechanism

by the brute-force method. That is, each reaction rate coeffi-

cient was increased and decreased by a fixed small percent-

age, and the kinetics modeling computations were repeated to

determine the quantitative effect on the computed values of

the dependent variables as the ratio 8yilSkj, where Yi is the

dependent variable of interest and kj is the reaction rate coeffi-

cient that is being changed. The quantity 8yi is the change in Yi

caused by the change 8kj in kj. The computed ratio is a close

approximation to the actual unnormalized sensitivity coeffi-

cient, the partial derivative Sij = OyilSkj. To avoid these

tedious brute-force computations, a set of simultaneous linear

equations can be derived that is easily and rapidly solved for

the Sij values of all dependent variables. If there are N depen-
dent variables in the problem, a set of N linear equations can

be obtained in the variables Sij, i = 1, 2,..,N. Of course, the

value ofj is fixed for any set of equations. This reference pub-

lication presents the derivation of the equations for the
unnormalized sensitivity coefficients and all formulas for the

matrix elements needed in the solution. A similar set of equa-

tions was also derived that can be solved for sensitivity coeffi-

cients with respect to changes in the initial temperature of the

reacting mixture. The programming changes required to add
this sensitivity coefficient calculation to the direct PSR solu-
tion in the GLSENS code are then described. The results of

several sensitivity analysis test cases are also given and are

compared with results of the brute-force method of calculat-

ing the sensitivity coefficients. Also shown are the differences
found in rate-controlling reactions when the perfectly stirred

reactor is compared with a lower temperature static ignition

reaction for the same chemical system.



Chapter 2

Molecular and Global Rates and Sensitivity

Equations for Perfectly Stirred Reactor

This chapter presents the equations for the net rate of a mo-

lecular reaction as used in the original LSENS code (ref. 1).

The global reaction concept is then introduced and the rate

equation for this type of reaction is given. The second part of

the chapter describes the new equations used in GLSENS to

compute sensitivity coefficients for a perfectly stirred reactor

process. These are linear algebraic equations, whereas the equa-

tions for sensitivity analysis in a static chemical reaction are

linear differential equations. The sensitivity analysis theory for
static chemical reactions is not discussed here because it

applies to both molecular and global reactions. One must only

take care to use the appropriate formulas for the rate of a glo-
bal reaction and its derivatives when calculating the Jacobian

elements in the numerical kinetics and sensitivity analysis

solutions. These formulas, for both molecular and global reac-
tions, are derived in sections 2.2.1.2 to 2.2.1.4 after the deriva-

tion of the PSR sensitivity equations. They are used in all

kinetics and sensitivity coefficient calculations involving both

types of chemical reaction.

2.1 Molecular and Global Rate Equations

In the usual complex chemical reaction a system of NRS

reacting species participates in NR reversible molecular reac-

tions, which are written in the general form

NRS NRS

M + v _i = *.t-_
i=1 i=1

j=1,2 ..... NR (2.1)

Here M represents any collision partner if the reaction is a

collisionally catalyzed decomposition or recombination proc-

ess and is not written for regular types of reactions, _i is the

name of species i, and v_j and v_ are its stoichiometric coef-
ficients as reactant and product, respectively. The net molar

formation rate of species i per unit volume is then given by

NR NR

w,=E,.oo=Y_,(,,;j r:
j=] j=]

(2.2)

where

=Rj-Rj (2.3)

is the net molar rate per unit volume of reaction j. The for-

ward and reverse molar rates, Rj and R_j, are written by using
the laws of mass action and of microscopic reversibility (see
ref. 1) as

NRS

Rj = MjkjH(Poi) v: (2.4)
i=1

AAt. NRS ,,
-- _,_jr_j vl

.__ (2.5)

The forward rate coefficient k) for reactionj is given by the
modified Arrhenius expression

kj = AjT nj exp R'-_' (2.6)

or, for a few reactions, by the equation

kj = AjTnj exp(cjT) (2.7)

In the above equations Kj is the equilibrium constant of reac-

tionj in concentration units and Mj is the collisional efficiency
factor given by



NS
Mj = PE mijeYi (2.8)

i=1

where mij is the collisional efficiency of species i in the jth
reaction as a collision partner. In the above equations p is the

mass density of the mixture, 6i is the mole number (moles per

unit mass) of species i, and NS is the total number of species,
including inerts. If the coUisional efficiencies for all species

are unity for a collisionally catalyzed reaction, Mj is just the
total molar concentration of all species in the mixture. If the

reaction is a regular type, Mj is equal to 1.0 and does not ap-

pear in equations (2.4) and (2.5).

A global reaction summarizes the net effect of several mo-
lecular steps. It is selected to show the formation or destruc-

tion of a stable species without considering the actual molecu-

lar steps that involve the reactions of free-radical and atomic

species. This type of reaction differs from a molecular reac-

tion in the following ways: it is always irreversible, and its

rate expression does not obey the law of mass action used for

molecular steps. Because the reaction includes effects of spe-

cies other than the actual reactants, its rate can, in general,

depend on the concentration of any species present in the mix-

ture. The general rate expression for a global reaction is, there-

fore, written as

NS

rj =kj(Z)H(poi) a#
i=1

(2.9)

where pal is the molar concentration of any species in the mix-

ture, not only a reactant, and k_(T) is a temperature-dependent
rate coefficient in the form of equation (2.6). The constants

{ao} and the three constants in kj(T) are obtained by multivari-
ate curve fitting of experimental data taken over as wide a range

of conditions as possible. Each global reaction in GLSENS

may have a maximum of three species on the reactant side and

three species on the product side. On both sides of equation

(2.1) each species may be either an actual participant in the

process or a species whose concentration appears in equation

(2.9) but is not changed by the reaction. An example of a mo-

lecular reaction is the collision of two ketyl radicals to form

acetylene and two carbon monoxide molecules:

C2HO+ C2HO = C2H 2 +2CO

This is one of the steps in the oxidation of the fuel benzene,
which is discussed in detail in section 4.3.2.4. The code inter-

prets the left side of this reaction as two molecules of C2HO

and uses the rate expression

[ [C2 2][CO1
_) = kjI[C2HO]2 Kj

where the square brackets indicate molar concentration andj is
the reaction index number.

An example of a global step is the reaction

OH+H 2 +02 _ H20+O+OH

which is the conversion of a molecule of hydrogen and oxygen

to water and an oxygen atom. A hydroxyl radical is written on
both sides of the reaction because the experimentally deter-

mined rate expression for this reaction is

rj= kj[O2][OH l

This rate is independent of the concentration of hydrogen and

is proportional to the concentration of OH radical, which is not
changed by the reaction. The exponent of the oxygen concen-

tration was determined by least-squares fitting of experimen-
tal data and is not related to the stoichiometric coefficient of

oxygen, which has the same value. The code allows the use of

as many as three rate-determining species concentrations and

their empirically determined concentration exponents in equa-

tion (2.9) for each reaction. The latter are read in separately

from the reactants and products of the reaction. Program de-

tails for using global reactions are given in chapter 3.

2.2 Equations for Perfectly Stirred
Reactor Combustion and

Sensitivity Analysis

The equations describing combustion reaction in the per-

fectly stirred reactor have been written and described in refer-

ence 1. For this completely backmixed system each reacting

species mole number (_i obeys the continuity equation

_((_i,o-qJi)+Wi=O i=1,2 ..... NRS (2.10)

where v is the reactor volume, rh is the mass flow rate through

the reactor, and W i, the net molar rate of formation of species

i, is given by equation (2.2). Each reaction rate rj in this equa-
tion is calculated from either equations (2.3) to (2.5) or equa-

tion (2.9), depending on whether the process is molecular or

global. The reactor also obeys the energy conservation equa-
tion

NS

/=1

(2.1 1)



whereHt is the molar enthalpy of species I at the reactor tem-

perature T, Ht,o is the molar enthalpy of species l at the initial
reactor temperature T0, and Q is the heat transfer rate from

the reactor and is a function of temperature only. Equations
(2.10) and (2.11) constitute a system of NRS+I nonlinear

algebraic equations in the variables Ol, o2 ..... ONRS and tem-

perature that are valid for a chemical mechanism containing

any mix of molecular and global reactions. These equations

are solved by the Newton-Raphson numerical method as de-

scribed in chapter 7 of reference 1. The iteration procedure
solves sets of linear equations involving the logarithms of the

increments of the dependent variables.

The present task is to compute the sensitivity coefficients of

these NRS+I dependent variables with respect to changes or

uncertainties in the rate coefficient parameters Aj, nj, and ei-

therEj or cj in equations (2.6) and (2.7). The sensitivity coeffi-
cients of these dependent variables with respect to initial tem-

perature To are also computed. For clarity of presentation the

dependent variables are redefined in terms of an array {Yi}
having NRS+I elements, where

and

Yi =t_i i=1,2,3 ..... NRS

YNRS+I = T

2.2.1 Sensitivity Coefficients With Respect to
Rate Parameters

The following unnormalized sensitivity coefficients are
defined:

OYi j = 1,2...,NR
Sij = _j

i=1,2 ..... NRS+I (2.12)

where _j represents any of the rate coefficient parameters of

the jth chemical reaction, namely Aj, nj, and Ej or cj in equa-
tions (2.6) and (2.7). Sets of equations that can be solved for

these sensitivity coefficients are now derived.

First, equations (2. I 0) can be differentiated with respect to

rate parameter _s to obtain the equation

rh 0(Yi OW. NRS 0W/ 0_l + 0_ OT

i= 1,2 ..... NRS (2.13)

The quantity rls represents any of the three rate parameters of

reaction s. The first and third terms of this equation can be
combined by using the Kroneker delta function and the ex-

pression rewritten as

NRS I(_W i th 1 OOl + _}W/ OT OW/

E ti- -o,IT 7 orl=, -
l=l cJi

i = 1,2 ..... NRS (2.14)

where 8i! is defined by

8it = {0 ifi,_l1 if/=/

There are now NRS linear equations in the NRS+ 1 unnormal-

ized sensitivity coefficients just defined. To obtain an

additional equation, equation (2.11) is differentiated with re-

spect to rls to get

"£{=,crt dr _=
/=1

f / :V:O (2.15)

This equation can be rewritten using the fact that OHIIOT is

just Cpl, the molar heat capacity of species l, and that the mix-
ture specific heat per unit mass is given by the summation

NS

Cp =E 0"1% l (2.16)
1=1

The result is

NRS O0 l ( 1 oQ_ OT
c +.... o (2.17)

The limit on the summation is now NRS because all deriva-

tives of inert-species mole numbers are equal to zero.

After equations (2.14) and (2.17) have been rewritten using
the definitions of the sensitivity coefficients (eq. (2.12)), the

following set of NRS+I independent linear equations in the

NRS+I sensitivity coefficients of the dependent variables {Yi]
is obtained:



1=1 ./ o i

i=1,2,3 ..... NRS

/:1

(2.18)

2.2.1.1 Derivatives of net species formation rate. To solve

the system equation (2.18), the derivatives of each species for-

marion rate W i must be calculated. For the rate coefficient pa-

rameter derivatives, 3Wilaxl s, equation (2.2) is differentiated
to obtain

, a,-.
:(v;;- (2.19)

where the derivative on the right-hand side can be obtained

from equations (2.3) to (2.5) as

(2.20)

When equation (2.20) has been substituted into equation (2.19),
the result can be written as

(2.21)

where O)is, the rate of formation of species i by reaction s, is

defined in equation (2.2).
Next, the derivatives of Wi with respect to Ol and T are cal-

culated from equations (2.2) to (2.5). These equations present

Wi as an explicit function of gas density p, which is, however,

a function of T and the {oi} through the ideal-gas law.

P (2.22)
P = NS

RTEo i
i=l

Therefore, implicit differentiation of equation (2.2) gives the

following expressions for the partial derivatives of Wi with

respect to Ol and T:

(2.23)

(2.24)

In these equations the following derivatives of density from

equation (2.22) were used:

3__p_p= _pMw (2.25)
3o t

n_-...._._= -.._.pp (2.26)
3T T

The necessary equations for the derivatives of W i on the right

sides of equations (2.23) and (2.24) are obtained from equa-
tion (2.2) as

OW i NR • \ Orj

j=l

(2.27)

NR , x_,_
a-T - )Tf

j=l

(2.28)

g
j=l

(2.29)

2.2.1.2 Derivatives of net reaction rate._The derivatives

of rj needed in equations (2.27) to (2.29) are obtained from
equations (2.3) to (2.5) for molecular reactions and from equa-

tion (2.9) for global reactions. These derivatives are used not

only for the PSR sensitivity calculations, but also for the gen-
eral kinetics calculations and the static-reaction sensitivity

analysis computations. For molecular reactions regular and

third-body collisional processes must be treated separately

when differentiating with respect to a species concentration or

density. Consider the temperature derivatives first. For a mo-
lecular reaction rate, differentiating equations (2.4) and (2.5)

and substituting into equation (2.3) give, after simplification,

3rj _ din kj din Kj (2.30)
O"_-rJ_ +R-j dT

Differentiating equation (2.9) for a global reaction rate gives

the same expression for the temperature derivative without

the reverse rate term, since a global reaction is always
irreversible.



Toobtaintheolandpderivativesof the molecular reaction

rate, two cases are considered separately. For regular

(noncollisionally catalytic) reactions Mj is set equal to 1.0 in

equations (2.3) to (2.5), and differentiating with respect to _t

gives, after some simplifying, the following expression for the

_l derivatives of rj :

• v" R% = v,?j o -J (2.31)

In most situations a species is either a reactant or a product, so
t H

either vtj or v0 will be zero. For the derivative with respect
to density, equations (2.3) to (2.5) give the result

Orj v'.R. "_ J J vjRj

Op p p
(2.32)

where v) is the sum of the reactant stoichiometric coefficients
IP

in thejth reaction and vj is the sum of product stoichiometric
coefficients in that reaction. In the case of collisionally cata-

lytic (third body) reactions, differentiating equations (2.3) to

(2.5) with respect to _t and using the appropriate derivative of

Mj obtained from equation (2.8) give, after simplification,

% ="4R rjpm____Z
O(Yl Gl (Yl Mj

(2.33)

Differentiating with respect to density and using equation (2.8)

for OMj/0p give the expression

% _ ,, Rj ,,;% +2
Op p p p

(2.34)

For the ot and p derivatives of a global reaction rate, differen-

tiating equation (2.9) gives the following results:

(2.35)

and

Orj _ ajrj (2.36)
3p p

where aj is the sum of all the alj values for reaction j.
2.2.1.3 Temperature derivatives of rate coefficient and

equilibrium constant.--Two quantities that appear in the rj

derivative expressions of the previous section need to be cal-

culated. These are the temperature derivatives of the rate coef-

ficient and the equilibrium constant in equation (2.30). These

equations also apply to more general situations than PSR sen-

sitivity analysis (see ref. 1). Logarithmic differentiation of the

usual modified Arrhenius rate expression (eq. (2.6)) gives

din ks _ nj Ej
- -- + _ (2.37)

dT T RT 2

Similar differentiation of the special rate coefficient formula

(eq. (2.7)) gives

din kj nj

dT = -T" + cj (2.38)

The equilibrium constant Kj for any reaction is expressed in
concentration units by the relation

-6% °
Kj = (RT) -Av_ exp R"""_ (2.39)

where AG_ is the Gibbs function change for the reaction and

Avj is the c_ange in number of molecules for the reaction (i.e.,

number of products minus number of reactants.) Differentiat-

ing equation (2.39) and using the Gibbs-Helmholtz equation

for O(AGf)IOT (ref. 12)give

d In Kj = -av..____._j+ AH_ (2.40)
dT T RT 2

o

where AHj is the heat of reaction given by

NRS
o p o

i=1

(2.41)

Equation (2.40) is rewritten for ease of computation in GLSENS

by substituting equation (2.41) and the definition of Av) into it
and rearranging terms to obtain the expression

dlnKj 1 NRS ,p , Hi 1) (2.42)

2.2.1.4 Derivatives of rate coefficient equations with re-

spect to rate parameters.--To complete the computation of
all matrix coefficients in the system of equations (eq. (2.18)),

the specific formulas for the right-hand-side coefficients

(eq. (2.21)) have to be calculated. To obtain the logarithmic

derivatives ofkj with respect to each rate parameter, the loga-



rithmicformsof equations (2.6) and (2.7) are differentiated.

From either of these equations the following forrnulas are ob-

tained for the derivatives with respect to the preexponential

factor and temperature exponent:

D In k s I

0,4 s A s

Dlnks =lnT

Dns

The derivative with respect to Ej, from equation (2.6), is

(2.43)

(2.44)

O In k s 1

DE, RT

From equation (2.7) the derivative with respect to Cs is

(2.45)

Dlnks = T

Dcs
(2.46)

2.2.2 Sensitivity Coefficients With Respect to

Initial Temperature

A set of linear equations that can be solved for the sensitivity

coefficients of the dependent variables with respect to the initial

temperature of the reacting mixture can be obtained by differ-

entiating equations (2.10) and (2.11) with respect to the initial

temperature To. From equation (2.10)

(2.47)

The second term can be written out as follows:

D_ =_s Dw_ 0_t aw,l Dr (2.48)

Using equation (2.48) in equation (2.47) gives a set of NRS

equations in the required NRS+I sensitivity coefficients:

NRS I_=_=J th_ ]DG I DW/ DT

[ D_, ir - v _;/l-ff-Tro-o+ D---TIll-_-oo-o= o (2.49)

The last equation results from differentiating equation (2.11)

with respect to T O, which gives, first,

NS { DHl DOt DHI, 0 Dt_t.O1Z OToj
I=1

, D(Q/m)Dr=0 (2.50)
Dr Dro

To rewrite this equation in more useful form, first note that

all the derivativesDot, olDToare equal to zero and also that
OHt, o/OT0 is CN,0, the molar heat capacity of species l at

temperature TO. Finally,

OHl = o_H____LOT o_
-_o ar_=c"aro

Using this information in equation (2.50) gives

NRS DGl+ I LDQ) _Ty_. H,_o c. +,h Dr)Dr0=c".°
l=l

(2.51)

where cp,o is the initial mass specific heat of the mixture (see
eq. (2.16)).

Equations (2.49) and (2.51) make up a set of NRS+I inde-

pendent linear equations in NRS+ 1 sensitivity coefficients that

can be defined by

0Y i

Si,To=D_To i=1,2 ..... NRS+I
(2.52)

where Yi = (_i for i < NRS and Yi = T for i = NRS+I. The set of

equations to be solved for these initial-temperature sensitivity
coefficients can then be written as

_'IDw, m } +Dw,,=, [_6C_1T-7_,,s,.To -_-s..,+).T0 =o

i=1,2 ..... NRS

Z nlSI,To + Cp +_=_NRS+I,T 0 =Cp, 0
1=1

(2.53)
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Comparingthissetof equations with the set solved for the

sensitivity coefficients with respect to rate parameters (eqs.

(2.18)) shows that each set has the same left-hand-side matrix

of coefficients. Only the right-hand-side constant vector is

different. Thus, the computational cost of obtaining the initial-

temperature sensitivity coefficients is very small after the rate
coefficient sensitivities have been calculated.

2.2.3 Normalized Sensitivity Coefficients

2.2.3.1 Rate coefficient parameters.--The GLSENS code

normalizes all sensitivity coefficients calculated by solving the

set of equations (2.18) by exactly the same method used for

sensitivity coefficients in integration problems. The normaliza-
tion factors used are discussed in detail in chapter 4 of part I of

the LSENS code documentation (ref. 1). A brief summary of

the formulas for normalized coefficients is given here for the

reader's convenience. Again, using lqj to represent any of the

rate parameters of the jth chemical reaction, the normalized
sensitivity coefficient of any Yi with respect to'qj can be defined

by

3in Yi ITlJ lI _Yi l (2.54)

This coefficient is the percent change in Yi due to a change in _j

that causes a 1-percent change in the rate coefficient kj. In

practice the correct normalization factor rlj, multiplying the

unnormalized coefficient _Yi/_rlj on the right-hand side of

equation (2.54), has to be properly chosen for the type of input

quantity whose sensitivity is being computed. In the case of the

preexponential factor Aj the choice is very simple, namely Aj

itself. Because Aj is always nonzero (unlike the other rate
parameters), it can be used as the normalization factor. For the

other rate parameters assumptions are made to express the
normalization factors in terms of the initial temperature. Con-

sult reference 1 for additional details on the derivation of

normalization factors for these rate coefficient parameters. The

exact factors used in LSENS and GLSENS are listed for

reference in table 2.1.

For the perfectly stirred reactor the sensitivity coefficients

with respect to all three rate parameters should be the same

because the reaction is really occurring at a constant tempera-

ture, namely the converged temperature for any assigned mass

flow rate. To verify this fact, sensitivity coefficients were
calculated for all three rate parameters separately for each

reaction and were always found to be identical when the
normalization factors of table 2.1 were used. Therefore, only

sensitivity to a 1-percent change in the rate coefficient kj, which

is the normalized quantity defined by equation (2.54) for any of

the individual rate parameters, needs to be discussed here.

For computing the brute-force sensitivity coefficients the

partial derivative in equation (2.54) is replaced by the ratio _yi/

_Srlj, where 8y i is the small change in Yi caused by the small

TABLE 2.1 .--NORMALIZATION FACTORS

FOR RATE COEFFICIENT PARAMETER

SENSITIVITY COEFFICIENTS

[R is the universal gas constant in calories per

mole-K and T O is the gas mixture's initial

tern

Rate coefficient

parameter

A a,b
#

a,b
rl

1

E. a
1

b

_erature.]

Sensitivity coefficient

normalization factor

in eq. (2.54)

0.01 Aj

0.01/lnT 0

-0.01 RT 0

0.01/T 0

aSeeeq. (2.6).
bsee eq. (2.7).

change 8rlj. Also, the quantity Yi becomes Yi, the value of the
dependent variable for the standard or unchanged value of rlj.

It is most convenient to change the Aj parameter, inasmuch as
both equations (2.6) and (2.7) show that a given percent change

in the preexponentiai factor causes the same percent change in

the rate coefficient. For a change in any Aj of +1 percent the

approximation formula to equation (2.54) for the normalized

brute-force sensitivity coefficient with respect to kj is then

given by

>--yi(m,+4-y,(a,-4
0"02Yi (2.55)

where

y, Yi value for standard value of Aj

yt{Aj + A) Yi value when Aj is increased by A

yi(Aj - A) Yi value when Aj is decreased by A

and

A = O.O1Aj

This equation was used to calculate the brute-force sensitivity

coefficients with respect to the rate coefficients inasmuch as the

change in any Yi caused by the change in Aj was found to be

small enough to give a good approximation to the sensitivity
coefficient derivative.

2.2.3.2 Initial temperature.--For the normalized sensitiv-

ity with respect to initial temperature, To is used as the normal-
ization factor, the unnormalized coefficient (eq. (2.52)) is

multiplied by the factor To/Yi, and they are combined to obtain

11



t  'oJ ..... (2.56)

In performing the brute-force sensitivity calculations a

1-percent change in initial temperature cannot be used be-

cause it would result in too large changes in the dependent

variables 8y i, thus making the difference approximation to the

derivative in equation (2.56) quite inaccurate. Instead a change

of+_2 K is used for the initial temperature. The ST0 becomes just

4 K and the brute-force approximation formula becomes

(Si, ro)= T°[ri(T°+2K)-yi(T°-2K)] (2.57)
4Yi

Chapter 4 gives the results of several GLSENS test-case com-

putations of sensitivity coefficients for the perfectly stirred

reactor and compares them with the results of brute-force

computations using equations (2.55) and (2.57).

12



Chapter 3

Description of New GLSENS Coding

3.1 New Subroutines

In the following description of GLSENS coding, which

incorporates the additional abilities described previously, it is
assumed that the reader is familiar with the structure of and

input to the original LSENS code described in reference 2, the

usage manual. GLSENS keeps all the subroutines of LSENS

with necessary small modifications and adds four new subrou-

tines. Three of these are needed for reading in global reactions
and calculating their rates. The fourth contains the computation

of sensitivity coefficients for a PSR problem. The f'Lrst global

reaction subroutine, GLOBIN, is called by subroutine KINP to

read in and process the input data for all global reactions after
it has read in any data for molecular reactions that may be

present. The second new subroutine, GLBCHG, reads in any

rate coefficient changes for global reactions in a multiple-case

situation. The third global reaction subroutine, GLBRAT, is
called by DIFFUN to calculate the molar rates per unit volume

of all global reactions after the molar rates for the molecular

reactions present have been calculated. A new common block,

REAC3, which contains necessary global reaction variables,
was added to these subroutines and to subroutine KINP and the

main program.

The fourth new subroutine, PSENS, manages the calculation

of all sensitivity coefficients for a PSR problem. This subrou-
tine, which is called from subroutine WSR after completion of

each incremental assigned mass-flow-rate PSR calculation,
first calculates the elements of the left-hand-side coefficient

matrix of equations (2.18) and (2.53). To do this, PSENS calls

subroutine PEDERV, where many of the same partial deriva-

tives of W i are calculated as part of the Jacobian elements for the

Newton-Raphson iteration that solves the PSR problem itself.

After completing the appropriate right-hand-side vector, PSENS
calls subroutine GAUSS to solve for the unnormalized sensitiv-

ity coefficients. Subroutine SNSOUT is then called to normal-

ize and print only the coefficients that were asked for in the

problem data file. Logic changes are made in subroutine
SNSOUT and in subroutine SNSTAB to accommodate PSR

sensitivity analysis computations. A new common block,

PSRSEN, was added to subroutines PEDERV, PSENS, WSR,

and SNSTAB as well as to the main program. This common

block contains the logical variable WELSEN.
Two changes to the original LSENS subroutines should be

mentioned. One is in the output routine OUT1, which was

changed to print out the additional input data for global reac-
tions. In addition, the dimensions of many arrays were in-

creased to allow a maximum of 80 species to be used in a single

problem. These changes are described in appendix C (table C.3)
of reference 2.

3.2 Modifications to Problem Data File

3.2.1 Chemical Reaction Input

For all cases the code must now be told what kind of reaction

mechanism is to be used for the computation. GLSENS gives

complete flexibility as to the type of mechanism that may be

used. All molecular reactions or all global steps or a mixture of

the two types may be used. In the last case any number of

reactions of each type may be used (up to the maximum number
allowed, LRMAX), and the molecular reactions must be listed
first. A new namelist called RTYPE must be added to each

case. The seven logical variables in this namelist are listed and

their usage described in table 3.1. The first two logical variables

must be set for all cases. If any global reactions are in the

mechanism, the variable GLOBAL must be set equal to TRUE.

If the mechanism contains global reactions exclusively, the
variable GRONLY must be set equal to TRUE. Both variables

are initialized to the value FALSE so that they do not have to be

set if a mechanism consists of molecular reactions only. The

remaining five logical variables in RTYPE must be set for any

cases that use the REPEAT, CHANGE, or ADD settings of the

ACTION switch in a multiple-case file. All of these variables

except MRPREV are initialized to FALSE. The latter variable

is initialized to TRUE, which tells LSENS that the previous

13



TABLE 3.1.--DESCRIPTION OF LOGICAL VARIABLES IN NAMELIST RTYPE

Variable Valuea Explanation

nalIlc

GLOBAL TRUE Globalreactionsare presentin current case mechanism.

FALSE Global reactionsare NOT present in current case mechanism.

GRONLY TRUE Molecular reactionsare NOTpresent in current case mechanism.

FALSE Molecular reactionsare present in current case mechanism.

GLCHNG TRUE Some global reaction rate coefficients are to be changed from previous case.

FALSE No global reaction ratecoefficients are to be changed from previous case.

GLADD TRUE Global reactionsare to be added to mechanism of previouscase.

FALSE No global reactionsare to be addedto mechanism ofpreviouscase.

MRPREV _UE Mechanism of previous case consists of only molecular reactions.

FALSE Mechanism of previous case has some global reactions.

MRCHNG TRUE Some molecular reaction rate coefficients are to be changed from previous case.

FALSE No molecularreactionratecoefficientsaretobechangedfrom previouscase.

MRADD TRUE Molecularreactionsat_ to be addedto mechanismof previous case.

FALSE No molecular reactionsare to be addedto mechanism of previous case.

aDefault value is underlined.

case's mechanism contained only molecular reactions.
Table 3.2 lists the values of the four variables GLCHNG,

GLADD, MRCHNG, and MRADD for all possible situations

of modifying a mechanism by using the CHANGE and ADD

options. Test-case files presented in chapter 4 give examples

using the information in tables 3.1 and 3.2. Note that the
namelist RTYPE follows the title line in a single case or in the

first case of a multiple-case file. However, in any case after the
first in a multiple-case file, RTYPE follows the ACTION line.

When both molecular and global reactions are used in a

mechanism, the global reactions follow the list of molecular

reactions (which ends with a blank line or the word END

beginning in column 4). Each global reaction requires two input

lines, whose formats are given in table 3.3. The first line gives

the names of as many as three reactant and/or rate-controlling

species as well as up to three products along with their stoichio-
metric coefficients, if different from 1. Note that ifa global step

has a single reactant, it must be placed in the third (rightmost)
reactant field. It is called the first or only reactant in table 3.3.

If the step has two reactants only, they must be placed in the
second and third reactant fields. Likewise, a single product

must be listed in the First (leftmost) product field and two

products only must be listed in the first two product fields. The

reactant species listed on this line include all whose concentra-

tions are to be used in equation (2.9). If the rate expression

contains the concentration of a species that is not a participant

in the reaction, this species must be listed both as a reactant and

a product, so that its net change in concentration will be zero.

Note that column 40 must either be blank or have any character

except an equal sign, to indicate that the reaction is irreversible.

The ">" symbol is the most logical choice. The second line lists

first the exponent aij to be used with each concentration ci for
each reactant species on the previous line. The last half of this

line lists the three parameters A j, nj, and Ej of the rate coefficient
expression (eq. (2.6)). The global reaction list ends with either

a blank line or one with the word END starting in column 5. If

the reaction mechanism contains only global reactions, this list

starts immediately after the namelist RTYPE line. Chapter 4

gives example problems that illustrate problem data files con-

taining mechanisms of all-global and molecular-plus-global
reactions.

3.2.2 PSR Sensitivity Coefficient Calculations

No change from the input data for an integration sensitivity

problem was required for the PSR sensitivity calculations. For

detailed inforrnation on setting up the problem data file for a

14



TABLE 3.2.--LOGICAL VARIABLE SETTINGS IN NAMELIST RTYPE FOR

MULTIPLE-CASE SITUATIONS

Next-case situation

GLCHNG

Change molecular rate coeffi- FALSE b

cients only.

Change global rate coefficients TRUE

only.

Change global and molecular TRUE

rate coefficients.

Change molecular rate coeffi- FALSE b

cients and add molecular

reactions.

Change molecular rate coef- FALSE b

ficients and add global reactions.

Change molecular rate coeffi- FALSE b

cients and add global and

molecular reactions.

Change global rate coefficients TRUE

and add molecular reactions.

Change global rate coefficients TRUE

and add global reactions.

Change global rate coefficients TRUE

and add global and molecular

reactions.

Change global and molecular TRUE

rate coefficients and add

molecular reactions.

Change global and molecular TRUE

rate coefficients and add global

reactions.

Change global and molecular TRUE

rate coefficients and add

global and molecular reactions.

Add molecular reactions only. FALSE b

Add global reactions only. FALSE b

Add molecular and global FALSE b

reactions.

Variable name a and value

GLADD MRCHNG MRADD

FALSE b TRUE FALSE b

FALSE b FALSE b FALSE b

FALSE b TRUE FALSE b

FALSE b TRUE TRUE

TRUE

TRUE

TRUE FALSE b

TRUE TRUE

FALSE b TRUE

FALSE b FALSE b

FALSE b TRUE

FALS_

TRUE

TRUE

FALSE b TRUE TRUE

TRUE TRUE FALSE b

TRUE TRUE TRUE

FALSE b FALSE b TRUE

TRUE FALSE b FALSE b

TRUE FALSE b TRUE

aThe variables GLOBAL, GRONLY, and MRPREV are set according to the makeup of

the mechanisms of the previous and current cases; see table 3.1.

bDefault value.
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Columns Variable

type

1-4 Real 1:4.2
5--12 Character A8
14-17 Real !:4.2
18-25 Character A8
27-30 Real !:4.2
31-38 Character A8
40 Character AI

41-44 Real F4.2

45-52 Character A8
54-57 Real F4.2

58---65 Chalacter A8

67-70 Real F4.2

71-78 Character A8

TABLE 3.3.--FORMATS OF TWO REACTION LINES FOR EACH GLOBAL REACTION

(a) Line i.

Format Content and explanation

1-10 I Double IF10.4
11-20 precision FI0.4

21-30 FI0.4

31-40 I I [ El0.4 [
41-50 I | FI0.4

51--60 [ _" FI0.4

Stoichiometric coefficient of left reactant (default value = 1)

Name of left reactant (third one)
Stoichiometric coefficient of center reactant (default value = 1)

Name of center reactant (second one)
Stoichiometric coefficient of right reactant (default value = I)

Name of right reactant (first or only one)

">" or any symbol except "="; indicates irreversible reaction
Stoiehiometric coefficient of left product (default value = 1)

Name of left product (first or only one)

Stoichiometric coefficient of center product (default value = !)

Name of center product (second one)

Stoichiometric coefficient of right product (default value = 1)

Name of right product (third one)

Co)Line 2.

Concenu'ation exponent of left (third) reactant

Concentration exponent of center (second) reactant

Concentration exponent of right (first or only) reactant

Preexponential factor Aj in eq. (2.6)

Temperature exponent nj in eq. (2.6)

Activation energy Ej in eq. (2.6)

sensitivity analysis calculation, consult chapter 11 of refer-

ence 2. In the previous LSENS version setting the logical

variable SENCAL equal to TRUE for a PSR problem resulted

in an error exit. This restriction has been removed by logic

changes in the main program and in subroutines KINP and

SENSIN. The user places the usual sensitivity analysis key

words, SENSVAR, REAC, and IN1T (followed by appropri-

ate data lines), directly after the initial-mixture composition

data for a PSR problem, inasmuch as namelist SOLVER is not

required for this type of problem. Remember, however, that

the key word INIT (requesting sensitivity coefficients with

respect to initial values of dependent variables) may only be

used with the name TEMP on the following line. GLSENS

does not compute sensitivity coefficients with respect to initial

species concentrations for PSR sensitivity analysis. Note that

the user has the same choice of two tabular output formats for

sensitivity coefficients with respect to rate parameters as for an

integration problem. They are described in reference 2 and

illustrated in the several examples of problem data files for

PSR sensitivity computations given in chapter 4.
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Chapter 4

Kinetics and Sensitivity Test Cases and

Example Problems for Global Reactions

and PSR Sensitivity

4.1 Kinetics and Sensitivity Analysis
Test Cases

Part III of the documentation for the original LSENS code

(ref. 3) describes two sets of test cases that illustrate the code's

ability to perform many types of chemical kinetics computa-

tions as well as sensitivity analysis for static chemical reac-
tions. The GLSENS code, of course, also retains all those

abilities. All original LSENS test cases give identical results

when executed with the GLSENS code and may be used to

verify the performance of this new code. The LSENS test cases

are supplied with the new code, GLSENS. Also supplied with
the code is the same thermodynamic data file used with LSENS.

It contains species coefficients from the thermodynamic data

base of the CET computer code (ref. 13) and is described in
detail in the LSENS documentation (ref. 2). These coefficients

for species not included in the GLSENS file can be computed

by using the code of McBride and Gordon (ref. 14).

4.2 Global Reaction Example Problems

The four example problems presented here show the use of

quasi-global (global and molecular) reaction mechanisms as

well as all-global mechanisms in three perfectly stirred reactor
problems and one integration problem. As part of the integra-

tion problem the usual sensitivity coefficients calculated by the

original LSENS code are computed for both molecular and

global reactions to illustrate that the fundamental technique is

the same for both types of reaction. Only the details of comput-

ing the reaction rate and its derivatives differ.

4.2.1 Example Problem 1

In this problem a mechanism of all global reactions is used

to describe the perfectly stirred reactor combustion of a rich

propane-air mixture (fuel equivalence ratio q_ = 2.0) at a

pressure of 5.5 atmospheres. The initial-mixture temperature is
800 K and the reactor volume is 2500 cm 3. The complete

problem data file is shown in table 4.1 (see end of chapter for

tables) and, except for the use of global reactions, is set up

exactly as described in the LSENS code description and usage

report (ref. 2). All mechanisms used in these example problems

are modifications of those developed by Dr. K. Kundu for

simplified description of the combustion of propane and the

attendant formation and destruction of oxides of nitrogen
(NO×). See, for example, reference 15. The last reaction in the

mechanism (reaction 13) illustrates two characteristics of a

global reaction. First, the concentration exponent of reactant H 2

is zero, which indicates that hydrogen concentration has no
effect on the rate of this reaction. Second, the reaction rate

depends on the concentration of the hydroxyl radical, which is

not a participant in the reaction. This species is written on both

sides of the reaction and, on the next line, is given the concen-

tration exponent value 1.0. Reaction 12 illustrates a global step

in which a reactant (OH) concentration has an exponent (1.0) in

the rate equation that is different from its stoichiometric coef-

ficient of 2.0. The rate of this reaction also depends on propane

(C3H8) concentration to the power 0.15, but the fuel does not

participate in this reaction. The name C3H8 is written as a

reactant and a product to indicate that its concentration is

unchanged by the reaction. Note that the PSR calculation is

controlled by the variables in namelist WSPROB. This is an

17



assigned-mass-flow-rate problem with a desired flow rate of

1600 g/s that is to be reached with increments of 200 g/s from a

starting value of 100 g/s assigned in namelist START.

Some of the computed results for this case are listed in table

4.2, which shows partial results for the first, second, fourth, and

final convergences. The code had to increase the assigned mass

flow rate to 800 g/s to obtain the first successful convergence

because lower mass flow rates gave convergence to false

solutions of the real combustion problem. The false solutions

gave converged temperatures higher than the computed equi-

librium temperature of 2020.68 K, which was used as the first

estimate for the correct converged temperature. The first con-

verged temperature was about 80 K below the equilibrium

temperature and required 14 iterations. Each subsequent con-

vergence required only between three and six iterations and

gave much smaller decrements of temperature. This behavior

is a typical convergence pattern for PSR combustion of rich

hydrocarbon mixtures. Computed results for several intermedi-

ate convergence points and the desired mass flow rate of

1600 g/s are given in table 4.2.

4.2.2 Example Problem 2

This problem is also a rich propane-air PSR combustion

(9 = 1.5) with the same initial temperature and pressure as

example problem 1. The reaction mechanism of all global

reactions is a modification of that of example problem 1, and

several additional reactions have rates controlled by nonpar-

ticipating species H2 and 02.

The complete data file for this case is shown in table 4.3,

where it can be seen that a much larger reactor volume and
lower maximum flow rate were used than in example 1. This

mechanism was arbitrarily changed from the previous one for

illustrative purposes and could be quite unrealistic. Conver-

gence difficulties were encountered in this problem, and the

given volume and initial mass flow rate had to be found by trial

and error until several successful convergences were obtained.

Computed results for some of these conditions are shown in

table 4.4. Although a maximum flow rate of 60 g/s was desired,

no successful convergence was obtained for a mass flow rate

above 25 g/s. The attempted convergence temperature began

dropping rapidly, indicating a blowout situation.

4.2.3 Example Problem 3

This problem is the same PSR problem as in example 1, but
it uses a reaction mechanism consisting of both global and

molecular steps. The latter group of reactions (all reversible) is

the hydrogen-oxygen submechanism of the benzene oxidation

mechanism used by Bittker (ref. 6). The global reactions are

taken from example problem 1.

The data file for this case is shown in table 4.5 and computed

results, in table 4.6. Note that the desired flow rate of

2500 g/s was again not reached because a blowout condition

was encountered at 450 g/s.

4.2.4 Example Problem 4

The constant-volume static reaction of a rich (to = 2)

propane-air mixture is illustrated in this example, whose pur-

pose is to show the use of a quasi-global mechanism in an

integration problem. The problem also illustrates the calcula-

tion of sensitivity coefficients for global reactions in an integra-

tion problem. The mechanism contains both molecular and

global reactions. The molecular steps are all irreversible and

were used by K. Kundu in work at NASA Lewis. Global

reactions are taken from example problems 1 and 3. This

mechanism is not a realistic one and is used here only for

illustrative purposes. It should not be used for modeling any

real combustion system.

The problem data file for this case is given in table 4.7.

Sensitivity coefficients were computed for most of the depen-

dent variables with respect to the rate constant parameters of
both the molecular and global reactions. The sensitivity

analysis computation was similar for both reaction types

because both global and molecular reactions use the same form

for the rate coefficient expression (eq. (2.6)). Only differences

in the net rate expressions (eqs. (2.3) to (2.5) and eq. (2.9)) had

to be considered. All computed results, and especially values of

sensitivity coefficients, were found to be sensitive to the

settings of the integration accuracy control parameters EMAX
and ATOLSP.

In table 4.8 computed results are shown for several depen-

dent variables and their sensitivity coefficients with respect to

the Aj factor for the most controlling reaction, which is (global)
reaction 14, the reaction of C3Hs with 02. Results are given for
three values of the relative error control variable EMAX. As the

table shows, an EMAX value of 10 .-4 computed inaccurate

values of temperature and five species mole fractions. EMAX
had to be reduced to 10 --6or lower to obtain good accuracy. The

accuracy of sensitivity coefficients was even more sensitive to
the EMAX value used. Brute-force calculations of several

sensitivity coefficients were also performed, and all results

agreed with the values calculated by GLSENS for EMAX =
10 -7. These results for the effect of error control parameters on

accuracy are consistent with those reported in chapter 13 of

reference 2 for the original LSENS code using a mechanism of

molecular reactions only.

4.3 Perfectly Stirred Reactor

Sensitivity Calculations

Before example problems are presented, error control for a

PSR calculation is briefly discussed to help GLSENS users

properly evaluate the accuracy of computed results.
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4.3.1Error Control for PSR Problems

For kinetics problems solved by numerical integration of

differential equations, accuracy for both the direct and sensitiv-

ity analysis solutions depends on the values of two error control

parameters set by the user in each problem data file. This error
control has been discussed and illustrated in great detail in parts

I and II of the LSENS documentation (refs. 1 and 2). The

situation is quite different for PSR calculations. The computa-

tion accuracy is controlled by two control numbers built into the
code (in subroutine WSR) and used to test for proper conver-

gence of the numerical solution of the nonlinear algebraic

equations that describe the reactor. Error control is self-setting,
therefore, and cannot be adjusted by the user in the problem data

file. In the development of the Newton-Raphson direct solu-

tion, optimum values of the two test numbers were obtained.
Further reduction of these numbers will not change the answers

and may cause numerical difficulties in the convergence proc-
ess. One additional test number, which affects the computed

values of trace species concentrations, is used in subroutine

WSR. To avoid numerical problems during the Newton-Raphson

iteration procedure, a minimum value that any species mole
number can achieve has to be set. The value of this lower limit

is given by the variable SMALNO, which is set in a DATA

statement, along with the value of its natural logarithm,
DLOGSN. Variation of SMALNO in a series of test calcula-

tions showed that it had to be set at 1.0x10 -10. In many

computations for several test cases trace species concentrations
near this lower limit sometimes showed unexpected variation.

Sensitivity coefficients were obtained by the exact solution

of a set of linear equations whose matrix of coefficients de-

pends on the accuracy of the direct solution. Therefore, the trace

species concentrations and their sensitivity coefficients were

probably less accurate than values for the other dependent
variables.

4.3.2 PSR Sensitivity Analysis Problems and

Comparisons With Brute-Force Results

The five example problems presented here illustrate PSR

sensitivity analysis computations for several fuel-oxidant com-

binations. The fuels hydrogen, benzene, and propane react with

oxygen alone and in the presence of nitrogen and/or the inert

gas argon. Brute-force sensitivity coefficients have been calcu-
lated for each test case and compared with results from GLSENS.

One of these cases (example problem 7) illustrates a simplified

model of a gas turbine combustor.
4.3.2.1 Example problem 5._This first PSR sensitivity

analysis problem is the reaction of a stoichiometric mixture of

hydrogen and oxygen alone. The reaction mechanism of all
molecular reactions is taken from Brabbs and Musiak (ref. 16).

The problem data file for this case, shown in table 4.9, calls
for the calculation of sensitivity coefficients of all species

concentration variables and temperature with respect to all

reaction preexponential factors and initial temperature. Also,
the value of TINY in namelist PROB has been set to 10 -3 in

order to set equal to zero all coefficients with magnitudes

smaller than this number. Experience with sensitivity analysis
has shown that such small-magnitude coefficients indicate

unimportant effects of changing the rate parameter. The values
of the variables OUTPUT (= FALSE) and ORDER (= TRUE)

have been set in namelist SENRXN to print only the table of

sensitivity coefficients indexed by dependent variable.

Sensitivity coefficients with respect to the most important

rate coefficients and initial temperature for this problem are
shown in tables 4.10(a) and (b). Also listed are sensitivity

coefficients calculated by using the brute-force formulas (eqs.

(2.55) and (2.57)). Results are tabulated for two stable species,

hydrogen and water, as well as for three radical species and

temperature. Part (a) shows that, for rate coefficient sensitivi-
ties, agreement was generally excellent between GLSENS and
the brute-force values for coefficients with magnitudes of at

least 0.01 and good for the smaller magnitude coefficients. In

this mixture the dominant reactions were two catalytic colli-

sional processes, the dissociation of water and the H + 02

recombination to form the hydroperoxyl radical, although other
reactions did affect the overall rate. These controlling reactions

can be contrasted to the lower temperature ignition of a

hydrogen-oxygen mixture, for which the most sensitive reac-

tion promoting ignition is the H + 02 reaction to form an oxygen
atom and the OH radical. This chain-branching reaction is the

main propagation step for the free-radical process that ignites
the fuel-oxygen mixture. The catalytic collisional processes
that control the PSR reaction have little control of the ignition

reaction. Sensitivity coefficients with respect to initial tem-

perature are shown in table 4.10(b). Brute-force coefficients

were again compared with those calculated by GLSENS, and
there was the same excellent agreement between the two

methods of computation. The concentrations of oxygen atom

and hydroxyl radical were affected most strongly by changing

the initial temperature.
4.3.2.2 Example problem 6._This problem uses an abbre-

viated quasi-global mechanism for the combustion of a

propane-air mixture having an equivalence ratio of 1.5. There

are 18 molecular and 10 global reactions in the mechanism. The

problem is the same as example problem 3 for global reactions,

with sensitivity analysis added to the data file, which is shown
in table 4.11. The input data call for calculating sensitivity

coefficients for six species and temperature with respect to all

rate coefficients and initial temperature. Again, only sensitivi-

ties with magnitude greater than 0.001 are to have nonzero
values.

Sensitivity coefficients calculated by GLSENS and the brute-

force method for this case are presented in table 4.12. Part (a)

gives sensitivity coefficients for five species and temperature

with respect to the rate coefficients of the seven most important
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reactions.Ofthese,six are global steps and the one molecular

process is the H + 02 radical branching reaction. As for the
previous example, agreement between the GLSENS and brute-
force values was excellent for all sensitivities with magnitude

greater than 0.01 and good for all but one of the smaller

magnitude coefficients, namely the sensitivity of molecular

oxygen concentration to the rate coefficient of reaction 28. This

global step converts molecular hydrogen and oxygen to an

oxygen atom and water. This reaction is written with OH on
both sides because its rate parameters in table 4.11 show that the

rate is proportional to the product of OH and oxygen concentra-
tions and is independent of molecular hydrogen concentration.

The brute-force value is about 18 percent lower than the

GLSENS-computed sensitivity coefficient, 4.08x10 -3. The

difference was most likely due to an inaccurate brute-force

calculation because the sensitivity coefficient magnitude was

only a little above the 0.001 cutoff limit. It is also possible that
inaccuracies of the numerical procedure in the PSR solution

affected the linear equation solution for the sensitivity coeffi-

cients. However, for this small a sensitivity coefficient the
difference found between the two methods is really not

important.
Note that reaction 25, the direct propane-oxygen reaction,

appeared to have the strongest control over the entire reaction,
with reactions 28 and 24 next in importance. However, it is

interesting to observe that six of the seven reactions in the table

had a strong effect on the concentration of nitric oxide, one of

the significant pollutants in combustion processes.

Table 4.12(b) shows sensitivity coefficients with respect to

initial temperature and demonstrates excellent agreement be-
tween the GLSENS and brute-force values. An initial tempera-

ture change had its greatest effect on the fuel and oxidant
concentrations.

4.3.2.3 Example problem 7.--Example problem 7 is also

the PSR oxidation of a rich (_o= 1.5) propane-air mixture at high

pressure, but with a lower initial temperature of 614 K. This
stirred-reactor problem was used as the first part of example

problem 1 in chapter 13 of part II of the original LSENS
documentation (ref. 2). That problem showed a simplified

model of a gas turbine combustor, which is a PSR reaction of
the initial mixture followed by the expansion of the PSR exit

gas into a diverging nozzle. In the present example a sensitivity

analysis was performed on the stirred-reactor part of the model.

A comprehensive 136-step, molecular reaction mechanism
was used, instead of the brief global and molecular reaction

mechanism of the previous example. The problem data file for

this case is given in table 4.13, which shows that sensitivity

coefficients are required for nine species variables and tem-
perature. The value of TINY was set to 10-3, as in the other

example problems. In namelist SENRXN sensitivities are

requested with respect to the rate coefficients of the 13 most

important reactions, whose numbers are given in the array

RXNUM. The logical variable ORDER was again set equal to

TRUE and the variable OUTPUT equal to FALSE to reduce the

number of sensitivity tables printed. A logical variable in the

data file also requests sensitivity coefficients with respect to

initial temperature.
GLSENS-computed sensitivity coefficients for several of

these dependent variables in the PSR problem are shown in

table 4.14 and compared with brute-force coefficients. Table

4.14(a) shows sensitivity to the rate coefficients of the four

most rate-controlling reactions. The dominating reaction was
the collisional decomposition of CI-I4 into a methyl radical and

a hydrogen atom. Its rate coefficient affected the concentrations

of stable species (methane, propane, and ethane) as well as of
the methyl and hydroxyl radicals. Also, the last two reactions

listed (OH + C2H6 and CH3 + CH2) significantly controlled the

concentrations of CH4, CH3, and C2H 6. These sensitivity

analysis results contrast with those for the low-temperature

static ignition of a propane-air mixture. A sample calculation

for ignition of the same mixture used in this test case showed
that the rate-controlling reactions are the following:

CH 3 + HO 2 = CH30 + OH

C2H 4 + OH = C2H 3 + H20

OH + CH4 = CH3 + H20

CH 3 + C3H 8 = CH 4 + C3H7

None of these reactions was found to be rate controlling for the

PSR reaction at higher temperature. Table 4.14(b) shows sen-

sitivity coefficients with respect to initial temperature. Concen-
trations of the species propane, ethane, and hydroxyl radical

were strongly affected by changes in the initial temperature.

Comparing the brute-force and GLSENS sensitivity coeffi-

cients in table 4.14 again shows excellent agreement between
the two methods. The only small differences occurred for the

smallest magnitude coefficients, where discrepancies were

evident in the previous problems.
4.3.2.4 Example problem 8.--This problem, the first of two

benzene-oxygen reactions, is the PSR reaction of an undiluted

stoichiometric benzene-oxygen mixture. The reaction mecha-

nism used is a slightly modified version of that given by Bittker

in reference 6. The problem data file for this case is shown in
table 4.15. In namelist PROB the variable TINY is set equal to

10 -3 as before, and there is heat loss from the reactor, as defined

by the variables WSRHTR, WSRHT0, and WSRHTI in namelist

WSPROB. Sensitivity coefficients for 10 species concentra-

tion variables and temperature are requested with respect to all

reaction Aj factors and initial temperature.
Sensitivity coefficients calculated by GLSENS and the brute-

force method, for five species concentrations and temperature

are shown in table 4.16. The species include the fuel, two

intermediate products (benzyl alcohol and carbon monoxide),

and two free-radical species (benzoxy and benzyl). Data were

omitted if the sensitivity coefficient values were less than
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0.001.Thecoefficientslistedareforthemostrate-controlling
reactionsin themechanism,includingpyrolysisreactionsof
thefuelandbenzoxyandbenzylradicals and reactions of C4H2,

C5H5, and C2H2. By contrast, none of these reactions was rate

controlling in the static ignition of benzene-oxygen mixtures,

diluted with argon, at initial temperatures close to 1100 K.

Sensitivity analysis for this reaction condition is presented in

reference 6. The rate-controlling reactions for ignition are the

following:

C6H 6 + 02 = C6H50 + OH

C5H6 + 02 = C5H50 + OH

C6H50 = CsH 5 + CO

C6H5OH = C6H50 + H

C6H 6 + OH = C6H 5 + H20

Only one of these, the decomposition of C6H50, appears as a

rate-controlling reaction in table 4.16. This comparison dem-

onstrates again the different sensitivity analysis results ob-

tained for different temperature regimes in complex chemical
reactions. Table 4.16 shows excellent agreement, once more,
between the brute-force method and the GLSENS solution for

the sensitivity coefficients.

4.3.2.5 Example problem 9.--In this final test problem a
stoichiometric benzene-oxygen mixture also reacts, but the

initial molar concentrations are cut in half by dilution with a

mixture of 50 mole percent nitrogen and 50 percent argon. The
reaction mechanism adds to that of example problem 8 a set of

nitrogen-oxygen reactions from reference 17. The problem

data file for this case is shown in table 4.17. Argon is now listed
as an inert species after the list of reactions, and all other data

are similar to those for the previous example problem.

Results of the rate coefficient sensitivity analysis are listed in

table 4.18. Although several of the same reactions appear here

and in table 4.16, there are significant differences in relative

sensitivity coefficient values for the two cases. First, the ben-

zene pyrolysis reaction, which was quite rate controlling for the

undiluted oxidation, was not important for the highly diluted
reaction. Also, the OH radical attack on benzene was a strongly

rate-controlling reaction for the diluted reaction but was not for

the pure benzene-oxygen reaction. This reaction is also listed in

the preceding example as a rate-controlling step in the lower

temperature ignition of benzene-oxygen mixtures. Finally, the
relative importance of the OH radical reactions with the species

C4H2 and C5H5 was quite different for the two benzene-oxygen
cases. As for the other test cases, table 4.18 demonstrates the

very good agreement between sensitivity coefficients calcu-

lated by the GLSENS and brute-force methods.
Table 4.19 shows sensitivity coefficients with respect to

initial temperature for both example problems 8 and 9. The
same dependent variables were used as in tables 4.16 and 4.18.

The GLSENS-computed values agreed well with those calcu-

lated by the brute-force method, as before. One interesting

point to note is that the sensitivity coefficient for temperature

was much higher for the diluted reaction than for the pure

benzene-oxygen reaction.

This example problem, along with the previous four, gives

users model problem data files from which most of their desired

PSR sensitivity analysis data files can be obtained with simple
modifications.
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TABLE 4.1 .--DATA FILE FOR EXAMPLE PROBLEM 1 (ALL-GLOBAL REACTIONS;

PERFECTLY STIRRED REACTOR PROBLEM)

TAPE

GLOBAL CODE-EXAMPLE PROB I; ALL GLOBAL REACTIONS; PSR PROBLEM

&rtype global-, t rue., gronly-, true., &end

1.6

1.

.15

Oil +

1. 0.

AR

DISTANCE AREA

H20 + O > H2 + 02

1. I. 4.90E+I0 .18 -510.

CO + H20 > C02 + H2

I. 1. 1.30E+05 1.31 -7000.

C02 + H2 > CO + H20

I. i. 4.41E+10 .19 3527.

+ 02 >2.0 NO

I. 1. 4.00E+I4 .03

2.0 NO > N2

2. 2.00E+11 0.

+2.00 > NO

8.30E+11 0.

NO > CO

1.25E+12 0.

N2 >2.0 CN

5.00E+13 0

02 > CO

3.50E+07 0

C3118 >3.0 CH2

I. 10E+12 0

02 >2.0 OH

I. 00E+00 0

B20

0

B20

- I

N2

CN

1. 1.

CN +

I. 1.

2.0 CH2 +

1. 1.

C82 +

I. .5

02 +

.1

H2 +

I.

C3B8 +2.00B >

1. 1.98E+06

H2 + 02 >

1. 0.96E+12

C3H8

&prob welstr-.true.,

conch.true., &end

&wsprob

delmd-200., dotmax=1600.,mpr=2,

volume-2500., &end

&start t = 800.,p=5.5,mdot - 100.,erat£o-2.0,

scc-3, sch-8, &end

END

FINIS

100000.

+ 02

38000.

+ CO

0.

+ N2

0.

+2.0 H2

54000.

+ H20

5000.

+2.0 OH

41000.

49080.

+ C3B8

4000.

÷ 0

1013.

0

08

TABLE 4.2.---COMPUTED RESULTS FOR EXAMPLE PROBLEM 1 (PROPANE-AIR

COMBUSTION IN PERFECTLY STIRRED REACTOR)

[Initial temperature To = 800 K; pressure p = 5.5 arm; equivalence ratio _ = 2.0;

equilibrium temperature, 2020.68 K.]

Variable Convergence number

1 2 4 5

Temperature, T, K 1938.31 1909.97 1834.41 1779.68

Mass flow rate, th, g/s 800 1000 1400 1600

Residence time, % ms 2.749 2.242 !.685 1.532

Number of iterations 14 3 3 4

Species mole fractions

C3H8

H2

02

H20
CO

NO

O

OH

1.3757xl0 -2

8.6180x10 -2

1.6866x10 "-2

0.11378

0.11368

4.3981x10 -5

6.6436x10 -5

2.3687x10 -4

1.5092xl0 -2

8.4019xl0 -2

2.0623xi0 -2

0.11083

0.11067

6.5574X10 -5

9.9362x10 -5

2.8422xl0 _

1.8565x10 -2

7.9412xi0 -2

3.0477x10 -2

0.10326

0.10295

1.2536x10 -'4

1.9333x10 _

3.5924x10 -4

2.1350x10 -2

7.6161x10 -2

3.8108x10 -2

9.7556x10 -2

9.7126x10 -2

1.6608x10 -4

2.6362x10 -a

3.7941x10 -4
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TABLE 4.3.--DATA FILE FOR EXAMPLE PROBLEM 2 (ALL GLOBAL REACTIONS)

TAPE
GLOBAL CODE EXAMPLE PROB. 2 ALL GLOBAL RXNS; NON KEACTS CONTROL RATES

&rtype global-, true.,gronly-.true., &end

H2

-. 05

H2

-.05

02

-.05

_2

0.5

C3S8

0.5

OS

i.

H20 + O > H2

i. i. 4.90E+I0 .18

CO + H20 > C02

1. i. i. 30E+05 1.31

C02 + B2 > CO

I. i. 4.41E+I0 .19

+ N2 + 02 >2.0 NO

1. i. 4.00E+14 .03

2.0 NO + H2 > N2

2. 0. 2.00E+II 0.

+ CN +2.0 0 > NO

i. I. 8.30E+II 0.

CN + NO > CO

1. i. i. 25E+12 0.

+2.0 CH2

1. 1.

CH2

1. .5

O2

1.6 .i

+ B2

i. 1.

C3H8

.15 1.

+ H2

0. I.

+ N2 >2.0 CN

5.00E+13 0.

+ 02 > CO

3.50E+07 0.

+ C3H8 >3.0 CH2

1. IOE+12 0.

+ 02 >2.00B

1.00E+00 0.

+2.0 OH > H20

1.98E+06 0.

+ 02 > H20

0.96E+12 -.1

AR

DISTANCE AREA

&prob welstr-.true.,

concs.true., &end

&wsprob
delmd- i., dotmax- 60.,mpr=l,

volume-10000.0, &end

&start t- 800.,p-5.5,

scc-3, sch=8, &end

END

FINIS

C3H8

mdot- 13.0, eratio=l.5,

÷ O2

-510.

+ H2

-7000.

+ H20

3527.

+ H2

I00000.

+ 02 +

38000.

+ CO +

0.

+ N2

0.

+2.0 H2 +

54000.

+ H20

5000.

+2.0 OH +

41000.

+ C3H8

49080.

+ C3H8 +

4000.

+ 0 +

1013.

H2

H2

O2

B2

o

0S

TABLE 4.4.--COMPUTED RESULTS FOR EXAMPLE PROBLEM 2 (PROPANE-AIR

COMBUSTION IN PERFECTLY STIRRED REACTOR)

[Initial temperature To = 800 K; pressure p = 5.5 arm; equivalence ratio tp = 1.5;

equilibrium temperature, 2357.42 K.]

Variable

Temperature, T, K

Mass flow rate, rh, g/s

Residence time, % ms

Number of iterations

Convergence number

1 5

2016.44 1988.99

13 17

647.2 505.8

33 3

Species mole fractions

9 13

1947.33

21

422.1

3

1856.68

25

377.6

4

C3H8

H2

02

H20

CO

NO

O

OH

1.1787xl0 -3

8.8640x10 -2

2.6382x10 -2

0.10713

0.11686

9.5537x10 -7

5.3194x10 -7

1.3385x10 -6

3.2999xl0 -3

8.3809xl0 -2

3.1050x!0 -2

0.10510

0.11159

1.1658x10 "6

6.9421x10 -7

1.4328x10 -6

5.9432x10 -3

7.8786xi0 -2

3.7508xi0 -2

0.10143

0.10537

1.5018xl0 -6

9.4276xi0 -7

1.5275xl0 -6

1.0688xi0 -2

7.1373x10 -2

5.0324x10 -2

9.3019x10 -2

9.4443x10 -2

2.0366x10 -6

1.3623x10 -6

1.4894xl0 -6
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TABLE 4.5.--DATA FILE FOR EXAMPLE PROBLEM 3 (GLOBAL AND MOLECULAR REACTIONS:

PERFECTLY STIRRED REACTOR PROBLEM)

TAPE

GLOBAL AND MOLECULAR REACTIONS; EXAMPLE PROBLEM 3

&rtype global-.true.,gronly-.false., &end

O + H20 - OH + OH 6.8E+13 0.

H + 02 - OB + O 1.89E+14 0.

O + H2 = OH + H 4.20E+14 0.

H + H02 - H2 + 02 7.28E÷13 0.

O + SO2 = OH + 02 5.0E+13 0.

HO2 + OH = B20 + 02 8.0E+12 0.

H + B02 =2.0OH 1.34E+14 0.

H2 + BO2 - H202 + H 7.91E+13 0.

OH ÷ H202 - H20 + H02 6.1E+12 0.

H02 + H02 = H202 + 02 1.8E+12 0.

H + H202 - OH + H20 7.8E+II 0.

M + B202 -2.0OH 1.44E+17 0.

THIRDBODY

H2 2.30 O2

END

H2 + OH -

H + 02 =

THIRDBODY

O2 1.30 N2

END

M + H20 -

THIRDBODY

H2 4.00 02

END

H + 0

M + B2

THIRDBODY

H2 4. I0 02

END

M + 02

END

N2

1.

.78 H20 6.0 H202

H20 + H 4.74E+13 0.

H02 + M 1.46E+15 0.

1.3 H20 21.3 E2

H + OH 1.30E+15 O.

1.5 H20 20.0 N2

- OH + M 7.1E+18 -I.

= H + H 2.2E+14 0.

- O

+

1.

2.

2.0 H20 15.0 N2

+ O 1.80E+18 -1.

02 •2.0 NO

4.00E+14 .03

2.0 NO > N2

2.00E+II 0.

CN +2.0 0 > NO

1. 1. 8.30E+11 0.

CN + NO • CO

1. i. 1.25E+12 O.

2.0 CH2 + N2 •2.0 CN

i. I. 5.00E+13 0.

CH2 + 02 > CO

1. .5 3.50E+07 O.

02 + C3H8 >3.0 CH2

1.6 .1 1.10E+12 0.

B2 + 02 >2.0 OH

1. 1. 1.00E+00 0. 49080.

C388 +2.0 OH > B20 + C3H8

.15 1. 1.98E+06 0. 4000.

OH + H2 + 02 > H20 + 0

1.0 0. 1. 0.96E+12 -.1 1013.

i00000.

+ 02

38000.

+ CO

0.

+ N2

0.

+2.0 H2

54000.

+ H20

5000.

+2.0 OH

41000.

18365.

16400.

13750.

2126.

1000.

0.

1070.

25000.

1430.

0.

0.

45510.

6.6

6098.

-1000.

3.0

105140.

1.5

0.

96000.

2.0

118020.

O

OK

AR

DISTANCE AREA C358

&prob welstr-, true., conc-, true., &end

&wsprob delmd- 50., dotmax-2500.,mpr-1, volume- 500.,

&start t- 800.,;>-5.5,mdot- 200.,eratio-l.5,

scc-3, sch-8, &end

END

FINIS

&end
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TABLE 4.6.--COMPUTED RESULTS FOR EXAMPLE PROBLEM 3 (PROPANE-AIR

COMBUSTION IN PERFECTLY STIRRED REACTOR)

[Initial temperature TO= 800 K; pressure p = 5.5 arm; equivalence ratio _o = 1.5;

equilibrium temperature, 2320.64 K.]

Variable

Temperature, T, K

Mass flow rate, rh, g/s

Residence time, "Lms

Number of iterations

2176.82

200

2.019

13

Convergence number

2 4

2142.84 2072.33

250 350

1.643 1.217

3 3

2034.80

400

! .086

3

Species mole fractions

C3H8

H2

02

H20

CO

NO

O

OH

4.1056x10 '3

9.0557xl0 '4

1.0693x10 -2

0.18363

0.13698

2.8546x10 '4

4.3280x10 "4

3.7450x10 -3

4.5191x10 -3

6.1544x10 -4

1.3130x10 -2

0.18112

0.13476

3.2885×10 -4

5.ooooxl_
3.8708x 10 -3

5.5855x10 -3

1.1805x10 -4

1.8679x10 -2

0.17541

0.12996

4.1960xlff "4

6.4372x10 -4

4.0143x10 -3

6.3101x10 -3

2.6380x10 -9

2.1946x10 -2

0.17205

0.12724

4.6932x10 "a

7.2552x10 -4

4.0424x10 -3
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TABLE 4.7.--DATA FILE FOR EXAMPLE PROBLEM 4 (INTEGRATION CASE FOR MECHANISM WITH

GLOBAL AND MOLECULAR REACTIONS)

TAPE
GLOBAL LSENS CODE-EXAMPLE PROBLEM 4; INTEGRATION CASE BOTH TYPES OF REACTION

&rtype global-.true.,gronly-.false., &end
H20 + 0 • H2 + 02 4.90E÷I0 .18 -510.

2.00 • 02 4.56E+II .027 -1849.

02 >2.00 2.78E+16 -.92 118954.

CO + O > C02 8.43E+09 -.001 I000.

CO2 • CO + 0 9.08E+18 -1.84 130754.

CH2 + 0 • CO + H2 0.69E+II I. 0.

CO + H2 • CH2 + O 5.38E+I0 1.44 177439.

1.6

C3B8 +

0.0 I.

N2 + 02 •2.0 NO

1. 1. 4.00E+14 .03 100000.

2.0 NO > N2 + 02

2. 2.00E+11 0. 38000.

CN +2.00 • NO + CO

1. I. 8.30E+II 0. 0.

CN + NO • CO + N2

i. i. 1.25E+12 0. 0.

2.0 CH2 + N2 >2.0 CN +2.0 H2

1. 1. 5.00E+13 0. 54000.

CH2 + 02 • CO + H20

1. .5 3.50E+07 0. 5000.

02 + C3B8 >3.0 CH2 +2.0 OH

.1 1.10E+12 0. 41000.

H2 + 02 >2.0 OR + C3R8

1. 1.00E+00 0. 49080.

C388 +2.0 OH > H20 + C3H8

.15 1. 1.98E+06 0. 4000.

AR

TIME C3R8

&prob rhocon - .true., print - 1.e-6, 1.e-4, 0.2, .3, .5, .575,

.585, .590, .592, .5923° .5925, .5927, .593,

sencal - .true., tiny -l.e-3, &end

&start t= 850., p-5.5, eratio-2.0,

scc-3, sch-8, &end

END

&solver emax - 1.e-7, atolsp - i.e-16, &end

SENSVAR

R20 C3H8 OH NO CO C02 CH2

END

REAC

&senrxn allrxn - .true., output - .false., order - .true.,

sensaj - .true., &end

FINIS

+ 0

.580,

TEMP

TABLE 4.8.--COMPUTED RESULTS FOR EXAMPLE PROBLEM 4

(PROPANE-AIR COMBUSTION AT CONSTANT VOLUME)

[Initial temperature T O= 850 K; initial pressure Po = 5.5 atm; equivalence ratio q_ = 2.0; reaction time t = 592.5 ms.]

Variable EMAX value (ATOLSP = I 0-9EMAX)

10-4 10-6 10-7

Value Sensitivity Value Sensitivity Value Sensitivity

coefficient coefficient coefficient

with respect with respect with respect

to AI4 to A 14 to AI4

1644.28 533 1419.60 173 1418.98 ! 72Temperature, T, K

Mole fraction:

C3H8

H20

CO

NO

OH

3.8686x10 -2

8.8096x 10 -2

8.7686x 10 -2

6.1677x 10 -7

8.8876xl 0-4

-1250

! 370

! 380

3470

3820

5.1507x10 -2

6.1291x10 -2

6.0894x 10 -2

1.5784x10 -7

2.4437xi0-4

-215

492

494

1970

1850

5.1539x10 -2

6.1220x10 -2

6.0823x10 -2

1.5707x10 -7

2.4325x10-4

-214

490

492

1970

1840
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TABLE 4.9.--DATA FILE FOR EXAMPLE PROBLEM 5 (HYDROGEN-OXYGEN PSR SENSITIVITY)

TAPE

LSENS HYDROGEN - OXYGEN PSR WITH SENSITIVITY ANALYSIS

&rtype &end
O + H20 - OH + OH 6.8E+13 0. 18365.

H + 02 - OH + O 1.89E+14 0. 16400.

O + H2 - OH + H 4.20E+14 0. 13750.

H + H02 - H2 + 02 7.28E+13 0. 2126.

0 + H02 - OH + 02 5.0E+13 0. 1000.

HO2 + 08 - H20 + 02 8.0E+12 0. 0.

H + H02 -2.00H 1.34E+14 0. 1070.

B2 + H02 - H202 + H 7.91E+13 0. 25000.

OH + H202 - H20 + H02 6.1E+12 0. 1430.

SO2 + H02 - H202 + 02 1.8E+12 0. 0.

S + H202 = OH + H20 7.8E+11 0. 0.

M + H202 z2.00H 1.44E+17 0. 45510.

THIRDBODY

H2 2.30 02 .78 H20 6.0 H202 6.6

END

f12 + OH = H20 + H 4.74E+13 0. 6098.

H + 02 - H02 + M 1.46E+15 0. -i000.

THIRDBODY

02 1.30 H20 21.3 82 3.0

END

M + H20 - H + OH 1.30E+15 0. 105140.

THIRDBODY

H2 4.00 02 1.5 H20 20.0 END

B + O = OH + M 7.1E+18 -I. 0.

M + H2 - H + H 2.2E+14 0. 96000.

THIRDBODY

B2 4.10 02 2.0 H20 15.0 END

M + 02 - O + O 1.80E+18 -1. 118020.

TIME

&prob

&wsprob
& start

B2

O2

END

SENSVAR

0

TEMP

INIT

TEMP

REAC

&senrxn

FINIS

welstr - .true., sencal - .true., tiny - l.e-3, &end

dotmax=10200., delmd=2000., mpr - i, volume- 2000.,

t - 298., p - 2.0, mdot - 200., &end

0.6667

0.3333

H20 OH B 02 H2 B02

END

END

sensa3 - .true., allrxn - .true., order - .true.,

output = .false., &end

&end

H202
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TABLE 4.11.--DATA FILE FOR EXAMPLE PROBLEM 6 (PSR SENSITIVITY

WITH GLOBAL AND MOLECULAR REACTIONS)

TAPE

GLOBAL AND MOLECULAR REACTIONS; EXAMPLE PROB. 6 FOR PSR

&rtype global-.true.,gronly-.false., &end

O + H20

fl + 02

O + H2

H + HO2

O + HO2

flO2 + OH

fl + 802

f12 + HO2

OH + 8202

802 + 802

B + H202

M + B202

THIRDBODY

B2 2.30

END

82 + OH

fl + 02

THIRDBODY

02 1.30

END

M + H20

THIRDBODY

H2 4.00

END

S + O

M + B2

THIRDBODY

H2 4.10

END

M + 02

END

N2

1.

02

N2

02

02

- OH
- OH

- OH

- H2
= OH

= H20

=2.0OB
= H202

- 820

= H202

- OB
-2.00H

+ OH

+ O

+ H

+ 02

+ O2

+ 02

- 820

- 802

= N

- OH

- H

- 0

+

1.

+ B

+ 802

+ 02

+ S20

6.8E+13 0.

1.89E+14 0

4.20E+14 0

7.28E+13 0

5.0E+13 0

8.0E+12 0

I. 34E*14 0

7.91E+13 0

6. IE+12 0

I. 8E+12 0.

7.8E+11 0.

1.44E+17 0.

.15

ON +

1.0 0.

2.

CN

i. I.

CN

i. i.

2.0 CB2

I. I.

Ca2

i. .5

02

1.6 .1

H2

i. 1.

C3H8

1.

H2

1.

N2

0.

NO

0.

NO > CO

1.25E+12 0.

N2 >2.0 CN

5.00E+13 0.

02 > CO

3.50E+07 0.

C3N8 >3.0 CB2

1.10E+12 0.

02 >2.0 ON

1.00E+00 0. 49080.

+2.00B > B20 + C388 +

1.98E+06 0. 4000.

+ 02 > H20 + 0 +

0.96E+12 -.1 1013.

.7 8 H20 6.0 H202

+ H 4.74E+13 0.

+ M 1.46E+15 0.

1.3 H20 21.3 N2

+ OH i. 30E+15 0.

1.5 B20 20.0 N2

+ M 7.1E+18 -1.

+ B 2.2E+14 0.

2.0 S20 15.0 N2

+ 0 1.80E+18 -1.

02 >2.0 NO

4.00E+14 .03 100000.

2.0 NO > + 02

2.00E+11 38000.

+2.00 > + CO

8.30E+11 0.

+ + N2

0.

+2.0 H2

54000.

+ S20

5000.

+2.00B

41000.

AR

DISTANCE AREA C3B8

&prob we!str-.true., sencal = .true., tiny - 1.0e-3,

conc=, t rue., & end

&wsprob

delmd- 50., dotmax- 800.,rapt-I,

volume- 500., &end

&start t- 800.,p=5.5,mdot- 200.,eratio-l.5,

scc=3, scb=S, &end

END

SENSVAR

C3H8 B2 02 OH H20 NO

INIT

TEMP END

KEAC

&senrxn sensaj - .true.,

output = .false.,

FINIS

TEMP

order = .true., allrxn = .true.,

&end

18365.

16400.

13750.

2126.

I000.

0.

1070.

25000.

1430.

0.

0.

45510.

6.6

6098.

-i000.

3.0

105140.

1.5

0.

96000.

2.0

118020.

0

OH

END
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TAPE

LSENS

& rtype

CH3

M

B

CB4

0

OB

CB3

CH3

M

CH3

H

0

OS

M

C2H5

H

CB3

H

M

C2B4

C2B4

C2H4

C2B4

M

C2H3

C2H3

C2B3

C2R3

C2R3

C2R3

M

C2H2

C2H2

C2H2

C2B2

C2H

C2H

C2BO

C280

C2BO

C2_O

C2BO

C2BO

C2H20

C2R20

C2H20

C2B20

C2B20

C2820

M

C2H

CE]30

CH30

M

CB20

CB20

CB20

CH3

CH3

CH3

H

H

0

TABLE 4. l t--DATA FILE FOR EXAMPLE PROBLEM 7 (PROPANE-AIR PSR)

PROPANE - AIR WELL-STIRP.ED REACTOR

&end

C3H8 - C2H5 + CH3

+ C3H8 = CH4 + C3H7

C3H7 = C2H4 + CH3

+ CH4 = CH3 + H

+ CH4 - CH3 + H2

+ 02 = CH3 + H02

+ CH4 - CH3 + OH

+ CH4 = CH3 + H20

+ 02 - CB30 + 0

+ OH = CH30 + H

+ CH30 - CH20 + H

+ CH3 = C2H6

+ C2H6 = C2H5 + H2

+ C2H6 = C2H5 + OH

+ C2H6 = C2H5 + H20

+ C2H5 = C2H4 + H

+ 02 = C2H4 + H02

+ C2H5 = C2H4 + H2

+ CH2 - C2H4 + H

+ C2H4 = H2 + C2H3

+ C2H4 = C2H2 + H2

+ OH = C2H3 + H20

+ OH = CH3 + CH20

+ 0 = CH3 + BCO

+ 0 = CH20 + CB2

+ C2H3 - C2B2 + B

+ 02 - CE20 + BCO

+ H = C2H2 + B2

+ 0 = C2B20 + B

+ OH - C2B2 + H20

+ CH2 - C2H2 + CB3

+ C2H -2.0C2H2

+ C2H2 = C2H + H

+ 0 - CH2 + CO

+ 0 - C2SO + H

+ OH = C2H + H20

+ OH = C2B20 + H

+ 02 - C2BO + 0

+ OH - C2BO + H

+ 02 -2.0C0 + OH

+ O =2.0CO + H

+ OH -2.0BCO

+ B - CB2 + CO

+ CH2 - C2H3 + CO

+ CH2 = CB20 + C2B

2.0C2B0 = C2B2 +2.0C0

+ OH = CH20 + HCO

+ OH - C2HO + H20

+ H - CH3 + CO

+ H - C2HO + H2

+ O - C2HO + OS

+ O - CB20 + CO

+ C2H20 - CH2 + CO

+ 0 - CO + CB

+ 02 - CS20 + SO2

+ H - CH20 + B2

+ C_20 - SCO + H

+ OH = BCO + B20

+ H - HCO + H2

+ 0 - HCO + OH

+ CH20 = CH4 + HCO

+ HC0 = CH4 + CO

+ HO2 = CH30 + OH

+ CH3 = CR2 + H

+ CH3 = H2 + CH2

+ CH3 - OH + CH2

WITH SENSITIVITY

5.0E+15

3.55E+12

3.0E+14

2.0E+17

1.26E+14

7.94E+13

I 9E+14

2 5E+13

2 4E+13

6 3E+12

5 0E+13

2 4E+14

1.32E+14

1.13E+14

8.7E+13

1.0E+I7

2.0E+12

4.8E+13

2.0E+13

1.5E+14

2.6E+17

4.8E+12

2.0E+12

3.3E+12

2.5E+13

3.0E+15

3.98E+12

6.0E+12

3.3E+13

5.0E+12

3.0E+13

3.0E+13

4.2E+16

1.6E+14

4.0E+14

6.3E+12

3.2E+11

5.00E+13

2.0E+13

1.46E+12

1.202E+12

1.0E+13

5.0E+13

3.0E+13

1.0E+13

1.0E+13

2.8E+13

7.5E+12

1.13E+13

7.5E+13

5.0E+13

2.0E+13

2.0E+16

5.0E+13

1.0E+13

2.0E+13

5.0E+16

3.0E+13

2.5E+13

3.5E+13

1.0E+10

3.0E+11

2.0E+13

1.95E+16

2.7E+11

1.9E+11

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

--.4

0.

0

0

0

0

0

0

0

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

.0

0.0

0.0

0.0

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.

0.5

.5

0.

0.

•67

.68

83500.

10300•

33200.

88000.

11900.

56000.

11720.

5010.

28680.

0.

21000.

0.

9700.

7850.

3520.

31000.

5000.

O.

O.

10200.

79300.

1230.

960.

1130.

5000.

32000.

-250.

0.

0.

0.

0.

0.

107000.

9890.

10660.

7000.

200.

1500.

0.

2500.

0.

0.

0.

0.

2000.

O.

O.

3000.

3428.

8000.

8000.

O.

60000.

0.

7170.

0.

81000.

1200.

3990.

3510.

6000.

0.

0.

91600.

25700•

25700.
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OH + CB3

CH ÷ C02

CH + 02

CH2 + 02

CH2 ÷ O

CH2 + OH

CB2 + H

CH2 + CH2

CH2 + CH2

HCO + 02

HCO + 0

HCO + OH

HC0 + H

H + BCO

CO + 0

CO ÷ 02

C0 + OH

CO + B02

0 + H20

R + 02

0 + H2

B + HO2

0 + B02

HO2 + OB

H + B02

82 + HO2

OB + H202

HO2 + BO2

B + 8202

M + E202

THIRDBODY

B2 2.30 02

END

H2 + OH

H + 02

TBIRDBODY

02 1.30 N2

END

M + H20

TBIRDBODY

H2 4.00 02

CO2 4.0 END

H + O

M + H2

THIRDBODY

H2 4. i0 02

END

M + 02

CH + N2

CN + H2

O + HCN

OH + BCN

CN + O

CN + OH

H2 + NCO

MNC0 + B

CN + 02

CN + CO2

0 + NCO

N + NCO

B + NCO

CH + NO

CB + NO

NH + OH

H02 + NO

O + NO2

NO + 0

NO2 + H

TABLE 4.13.---Continued.

- H20

- BCO

-- HCO

= CH20

- CH

- CH

- CH

- C2B3

= C2H2

- CO

= CO

- CO

- CO

- g

- C02

= C02

- C02

- C02

= OH

- OH

- OH

•- H2

- OH

= 1=120

-2.00B

- H202

- H20

- H202

- OH

-2.0OB

+ CB2

+ CO

+ 0

+ 0

+ OH

+ 820

+ H2

+ B

+ H2

+ 802

+ OB

+ 820

+ B2

+ CO

+ M

+ 0

+ H

+ OH

+ OB

+ 0

+ B

+ 02

+ 02

+ 02

+ 8

+ B02

+ 02

+ H20

.78 H20

- 820 + H

- HO2 + M

I. 3 H20

= H + OH

I. 5 H20

- OH + M
• ,, H + H

2.0 H20

- O + 0

- BCN + N

- BCN + H

- OH + CN

= BNCO + H

- CO + N

- NCO + H

= HNCO + H

= NH2 + CO

- NCO + 0

= NCO + CO

= NO + CO

- N2 + CO

- NH + CO

= N + HCO

- 0 + BC'N
- N + H20

- NO2 + OH

= NO + 02

- NO2 + M

- NO + OH

2.7E÷II .67

3.7E+12 0.

1.0E+I3 0.

5.0E÷11 0.5

2.0E÷11 .7

5.0E+11 .5

3.2E+11 0.7

5.0E+12 0.

4.0E+13 0.

3.0E+13 0.

3.0E+13 0.

3.0E+13 0.

2.0E+13 0.

2.9E+14 0.

2.4E+15 0.

2.5E+12 0.

4.17E+11 0.

5.75E+13 0.

6.8E+13 0.

1.89E+14 0.

4.20E+14 0.

7.28E+13 0.

5.0E+13 0.

8.0E+12

1.34E+14 0.

7.91E+13 0.

6.1E+12 0.

1.8E+12 0.

7.8E+11 0.

1.44E+17 0.

6.0 H202

4.74E+13 0.

1.46E+15 0.

21.3 C02

1.30E+15 0.

20.0 N2

7.1E+18 -1.

2.2E+14 0.

15.0 N2

1.80E+18 -I.

1.0E+ll 0.

6.0E+13 0.

1.4E+11 .68

4.0E+II 0.

1.2E+13 0.

2.5E+14 0.

1.0E+14 0.

1.0E+14 0.

3.2E+13 0.

3.7E+12 0.

2.0E+13 0.

1.0E+13 0.

2.0E+13 0.

1.6E+13 0.

2.0E+12 0.

5.0E÷11 0.5

2.09E+12 0.

1.0E+13 0.

5.62E+15 0.

3.47E+14 0.

25700.

0.

0.

6960.

25800.

5900.

4970.

0.

0.

0.

0.

0.

0.

15570.

4100.

47690.

1000.

22930.

18365.

16400.

13750.

2126.

I000.

0.

1070.

25000.

1430.

0.

0.

45510.

6.6

6098.

-1000.

7.0

105140.

1.5

0.

96000.

2.0

118020.

19000.

5300.

16900.

2800.

0.

6000.

9000.

8500.

1000.
0.

0.

0.

0.
9940.

0,

2000.

-477.

596.

-1160.

1470.
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NO + H
NO + 0
O + N2

N + NO2

M + N20

O + N20

O + N20

N20 + H

NO2 + H2

OH + NO2

TH IRDBOD Y

02 0.70 H2

OH + NO

HNO + B

H + NO

HNO + OH

AR

TIME

&prob welstr-.true.,

tiny- l.e-3,

TABLE 4.13.---Concluded.

- N + OH

- N + 02

- NO + N

=2.0NO

- N2 + 0

- N2 + 02

-2.0NO

N2 + OH

- _NO2 + S

= HN03 + M

1.4 END

HNO2 + M

= B2 + NO

HNO + M

- B20 + NO

conc-.false., sencal - .true.,

&end

C3H8

N2

02

AR

CO2

END

INIT

TEMP

SENSVAR

C3H8

CO

REAC

&wsprob dotmax=1600.0, delmd-800.0,

wsrhtr=.true., wsrhtl-0.05, wsrht0--42.88, &end

&start t-614.0, p-5.0, mdot=10.0, molefm.false.,

0.0873262

0.6892887

0.211232

0.011737

0.0004162

volume-300.0,

&end

2.63E*14 0.

3.8E+9 i.

1.80E+14 0.

4.0E+12 0.

6.92E+23 -2.5

1.0E+14 0.

6.92E+13 0.

7.59E+13 0.

2.4E+13 0.

3.0E+15 0.

5.6E+15 O.

5.0E+12 0.

5.4E+15 0.

3.6E+13 0.

50410.

41370.

76250.

0.

65000.

28020.

26630.

15100.

29000.

-3800.

END

CB4 CE3 B2 OH B20 C2H2 C2H6

TEMP END

&senrxn sensaj - .true., order - .true., rxnum -1.,4.,5.,ii, 13.,15.,19.,

35., 37., 49., 64., 83., 86., &end

FINIS

-1700.

0.

-600.

0.
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TABLE 4.IS.--DATA FILE FOR EXAMPLE PROBLEM 8 (BENZENE-OXYGEN PSR)

TAPE

C6S6 OXYGEN NO ARGON PSR SENSITIVITY TEST CASE; MECHANISM K-72

&rtype &end
C6B6 + 02 = C6H50 + OR 4.0E+13 0.

C6H6 + C6H5 = C12BI0 + H 4.0E+11 0.

C6H6 = C6H5 + H 5.0E+15 0.

C6H6 + H = C6H5 + H2 2.5E+14 0.

C6H6 + O = C6H50 + H 2.783E+13 0.

C6H6 + OH = C6H5 + S20 2.132E+13 0.

M + C4H3 = C4H2 + H 1.0E+16 0.0

C6H50 = C5B5 + CO 2.51E+11 0.

C6B5 + 02 - C6H50 + O 2.1E+12 0.

C6B5 + B02 = C6H50 + OH 2.0E+13 0.

C6H5 = C483 + C2B2 4.50E+13 0.

C6H50H = C6H50 + H 2.00E+16 0.

C6H5OH + H = C6H6 + OH 2.20E+13 0.

C6H5OH + H = C6H50 + H2 1.15E+14 0.

C5H5 + C6H50H = C6H50 + C5H6 2.67E+14 0.

C5H6 = C5H5 + H 8.13E+24 -2.981

C5B6 + 02 = C5H50 + OH 1.0E+13 0.

C6H5OH + OH - C6H50 + H20 3.0E+13 0.

C6H5OH + HO2 = C6H50 + H202 3.0E+13 0.

C5H50 - C4H5 + CO 3.0E+16 0.

C5H5 + O = C5H50 1.0E+13 0.

C5H5 + OH = C5H4OH + B 1.0E+I3 0.

C5H4OB = C4H4 + BCO 1.0E+15 0.

C5H5 + BO2 - C5H50 + OH 2.0E+13 0.

C5B6 + HO2 ffi C5H50 + B20 5.0E+13 0.

2.0C6H5 - C12B10 3.1E+12 0.

C4H5 = C2H3 + C2H2 1.4E+13 0.

C4B2 + O - C2HO + C2H 1.0E+13 0.

C4H2 + OH - HCO + C3H2 3.0E+13 0.

C4H2 + O - CO + C3H2 1.2E+12 0.

M + C2B4 - C2B2 + B2 9.33E+16 0.

C2B4 + OH - C2B3 + B20 4.786E+12 0.

C2B4 + O - CH3 + BCO 3.311E+12 0.

C2B4 + 0 - CB20 + CH2 2.512E+13 0.

C2H4 + OB - CH3 + CH20 1.995E+12 0.

M + C2H3 ffi C2H2 + B 3.0E+15 0.

C2H3 + 02 - CH20 + BCO 3.98E+12 0.

C2H3 + H = C2H2 + B2 6.0E+12 0.

C2H3 + OH = C2B2 + H20 5.012E+12 0.

C2H3 + CB2 ffi C2H2 + CH3 3.020E+13 0.

C2B3 + C2H -2.0C2H2 3.020E+13 0.

C2B3 + O = C2H20 + H 3.3E+13 0.

CH2 + CH2 - C2H2 + H2 4.0E+13 0.

C2B2 + CH2 = C2H3 + H 5.012E+12 0.

CH2 + OH = CB + B20 2.51E+II .67

CH2 + O ffi CB + Oa 2.0E+11 .68

CH2 + 02 - C02 +2.0H 1.59E+12 0.

M + C2H2 - C2H + H 4.169E+16 0.

C2B2 + C2B2 = C4H3 + H 2.0E+12 0.

C2B2 + O - CH2 + CO 1.6E+14 0.0

C2B2 + O = C2HO + H 4.0E+14 0.0

C2H2 + OH = C2H + B20 6.310E+12 0.

C2H2 + OH = C2H20 + H 3.2E+11 0.

C2B2 + C2H = C4H2 + H 3.0E+13 0.

C2B20 + OH = CH20 + HCO 2.8E÷13 0.

C2B20 + OH = C2BO + H20 7.5E+12 0.

C2B20 + H = CH3 + CO 1.13E+13 0.

C2B20 + H - C2HO + B2 7.5E+13 0.

C2H20 + O - C2HO + OH 5.0E+13 0.

C2H20 + O - CH20 + CO 2.0E+13 0.

M + C2H20 ffi CH2 + CO 2.0E+16 0.

34000.

4000.

108000.

16000.

4910.

4580.

60000.

43900.

7470.

1000.

72530.

88000.

7910.

12400.

25227.

78682.

20716.

0.

1500.

15000.

0.

0.

22000.

0.

0.

0.

32900.

0.

0.

0.

77200.

1230.

1130.

5000.

960.

32000.

-250.

0.

0.

0.

0.

0.

0.

0.

25700.

25000.

1000.

107000.

45900.

9890.

10660.

7000.

200.

O.

O.

3000.

3428.

8000.

8000.

0.

60000.
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C2HO + 02

C2HO + 0

C2HO + OH

C2HO + H

C2HO + CH2

C2BO + CH2

2.0C2HO

C2H + OH

C2H + 02

C2H + 0

M + CH4

CB4 + 02

CB4 + H

OH + CH4

O + CB4

CB3 + 02

CH3 + OH

M + CH30

CH30 + 02

CH30 + B

CH3 + CH3

CH3 + 0

CH3 + CH20

CH3 + HCO

CH3 + HO2

M + CH20

CH20 + OH

CH20 + B

CH20 + 0

BCO + B02

M + HCO

BCO + 02

ECO + OH

BCO + B

ECO + 0

CB + 02

CO + 0

CO + 02

CO + OH

CO + H02

0 + H20

H + 02

0 + H2

H + HO2

0 + H02

B02 + OH

B + H02

H2 + HO2

OB + H202

BO2 + H02

H + B202

M + 8202

THIRDBODY

B2 2.30 02

END

82 + OH

H + 02

THIRDBODY

02 1.30 C02

C686 20.0 CH4

M + E20

THIRDBODY

H2 4.00 02

CO2 4.00 END

B + 0

M + 82

THIRDBODY

S2 4.10 02

M + 02

TABLE 4.15.---Continued.

=2.0CO + OH

-2.0C0 + H

=2.0HCO

= CH2 + CO

- C2H3 + CO

- CH20 + C2E

= C2H2 +2.0CO

= C2HO + H

= C2HO + 0

= CO + CH

- CH3 + H

= CH3 + HO2

- CH3 + H2

= CB3 + H20

= CR3 + OH

- CH30 + O

= CB30 + H

- CH20 + H

= CB20 + BO2

- CH20 + H2

- C2B4 + H2

= CH20 + B

= CH4 + BCO

= CH4 + CO

= CH30 + OH

= BCO + H

= HCO + H20

= HCO + H2

- BCO + OH

= CH20 + 02

- a + CO

- CO + HO2

- CO + H20

= CO + H2

= CO + OB

- BCO + O

- C02 + M

- CO2 + O

- CO2 + H

= C02 + OH

= OH + OH

= OH + O

= OH + H

- B2 + 02

- OH + 02

-. 820 + 02

=2.0OB

- H202 + B

- 820 + BO2

- B202 + 02

- OB + 820

- OH + OH

.78 820

= B20 + H

= BO2 + M

7.0 H20

5.0 END

B + OH

1.5 820

= OH + M

= H + H

2.0 B20

0 + O

1.46E+12 0.

1.202E+12 0.

1.0E+13 0.

5.0E+13 0.

3.0E+13 0.

1.0E+13 0.

1.0E+13 0.

2.0E+13 0.

5.00E+13 0.

5.012E+13 0.

2.0E+17 0.

7.843E+13 0.

1.26E+14 0.

2.5E+13 0.

1.9E+14 0.

4.786E+13 0.

6.3E+12 0.

5.0E+13 0.

1.0E+12 0.

2.0E+13 0.

1.0E+16 0.

1.288E+14 0.

1.0E+10 0.5

3.020E+11 .5

2.00E+13 0.

5.0E+16 0.

3.0E+13 0.

2.5E+13 0.

3.5E+13 0.

1.0E+14 0.

2.94E+14 0.

3.311E+12 0.

1.0E+14 0.

1.995E+14 0.

1.0E+14 0.

1.0E+13 0.

5.9E+15 0.

2.5E+12 0.

4.17E+11 0.

5.75E+13 0.

6.8E+13 0.

1.89E+14 0.

4.20E+14 0.

7.28E+13 0.

5.0E+13 0.

8.0E+12

1.34E+14 0.

7.91E+13 0.

6.1E+12 0.

1.8E+12 0.

7.8E+11 0.

1.44E+17 0.

6.0 8202

4.74E+13 0.

1.46E+15 0.

21.3 H2

1.30E+15 0.

20.0 C686

7.1E+18 -i.

2.2E+14 0.

15.0 END

1.80E+18 -i.

2500.

0.

0.

0.

0.

2000.

0.

0.

1500.

0.

88000.

56000.

11900.

5010.

11720.

29000.

0.

21000.

6000.

0.

32000.

2000.

6000.

0.

0.

81000.

1200.

3990.

3510.

3000.

15569.

7000.

0.

0.

0.

0.

4100.

47690.

1000.

22930.

18365.

16400.

13750.

2126.

1000.

0.

1070.

25000.

1430.

0.

0.

45510.

6.6

6098.

-1000.

3.0

105140.

20.0

0.

96000.

118020.
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TABLE 4.15.---Concluded.

DISTANCE AREA

&prob welstr_.true., sencal - .true., tiny - l.e-3, &end

&wsprob dotmax = 6000., delmd- i000., mpr= 1, volume - i000.,

wsrhtr =.true., wsrhtl- .05, ws=ht0 - -42.88, &end

&start t- 614., p - 5.0, mdot= 1000., &end

C6H6 .i1765

02 .88235

END

INIT

TEMP END

$ENSVAR

C6R6 C6H50 OH C6H5 H20 CO C6H50H C2B2

C5H5 CB20 TEMP END

REAC

&senrxn sensaj-.true., order -.true., output =.falser, allrxn-.true., &end

FINIS
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TABLE 4.17.--DATA FILE FOR EXAMPLE PROBLEM 9 (BENZENE-OXYGEN-NITROGEN-ARGON PSR)

TAPE
C6N6-O2-N2 PLUS ARGON PSR CASE WITH SENSITIVITY - MECHANISM K-72

&rtype &end
C6N6 + 02 - C6H50 + ON 4.0E+13
C6N6 + C6H5 - C12B10 + H 4.0E+II

C6H6 - C6N5 + N 5.0E+15
C6N6 + N - C6N5 + N2 2.5E+14

C6N6 + 0 - C6N50 + N 2.783E+13
C6N6 + OH - C6N5 + B20 2.132E+13

M + C4N3 - C4N2 + N 1.0E÷16
C6H50 = C5N5 + CO 2.51E+11

C6N5 + 02 = C6B50 + 0 2.1E+12
C6H5 + H02 - C6H50 + ON 2.0E+13

C6H5 - C4H3 + C2H2 4.50E+13
C6N5ON - C6N50 + H 2.00E+16

C6H5OE + N - C6B6 + ON 2.20E+13
C6H50H + B - C6B50 + H2 1.15E+14
C5H5 + C6B50N - C6H50 + C5B6 2.67E+14

C5N6 - C5B5 + H 8.13E+24

C5N6 + 02 - C5B50 + ON 1.0E+13
C6N5ON + ON = C6H50 + B20 3.0E+13

C6NSOH + BO2 - C6N50 + N202 3.0E+13
C5B50 - C4H5 + CO 3.0E+16

C5N5 + O - C5B50 1.0E+13
C5N5 + ON - C5N4OH + B 1.0E+13

C5H40H - C4N4 + NCO 1.0E÷15
CSN5 + NO2 - C5B50 + OH 2.0E+13

C5N6 + NO2 - C5H50 + N20 5.0E+13
2.0C6N5 - C12E10 3.1E+12

C4N5 - C2B3 + C2N2 1.4E+13
C4H2 + 0 - C2_0 + C2M 1.0E+13

C4H2 + ON - NCO + C3H2 3.0E+13
C4N2 + 0 - CO + C3N2 1.2E+12
M + C2N4 - C2N2 + N2 9.33E+16
C2N4 + ON - C2N3 + B20 4.786E+12

C2N4 + O - CN3 + BCO 3.311E+12
C2B4 + O - CH20 + CB2 2.512E+13
C2H4 + ON - CH3 + CN20 1.995E+12
M + C2N3 - C2N2 + N 3.0E+15
C2N3 + 02 - CN20 + BCO 3.98E+12

C2N3 + H = C2N2 + H2 6.0E+12
C2B3 + ON - C2N2 + B20 5.012E+12
C2B3 + CH2 - C2B2 + CB3 3.020E+13

C2N3 + C2N -2.0C2H2 3.020E+13
C2B3 + 0 - C2E20 + N 3.3E+13
CH2 + CE2 - C2B2 + R2 4.0E+13

C.JE2 + C112 - C2B3 + N 5.012E+12
CH2 + OH - CB + N20 2.51E+11
Cg2 + O - CE + ON 2.0E+11

CN2 + 02 - C02 +2.0E 1.59E+12
M + C2E2 = C2E + B 4.169E+16
C2H2 + C2R2 - C4E3 + H 2.0E+12
C2H2 + 0 - CN2 + CO 1.6E+14

C2R2 + 0 - C2BO + B 4.0E+14
C2H2 + ON - C2B + H20 6.310E+12
C2H2 + ON - C2H20 ÷ B 3.2E+11
C2H2 + C2N - C4H2 + B 3.0E+13
C2N20 + OH - CN20 ÷ BCO 2.8E+13
C2H20 + ON - C2EO + B20 7.5E+12
C2N20 + B = Ca3 + CO 1.13E+13
C2E20 + B = C2RO + N2 7.5E+13
C2H20 + O - C2BO + OH 5.0E+13
C2N20 + O - CN20 + CO 2.0E÷13
M + C2H20 = CB2 + CO 2.0E+16

0.

0.

0.
0.
0.
0.

0.0
0.

0
0
0

0
0
0

0
-2 981
0

0.
0.
0.
0.
0.
0.

0.
0.
0.

0.
0.
0.
0.

0.
0.
0.
0.
0.

0.
0.

0.

0.
0.

0.

0.
0.

0.
.67
.68
0.

0.
0.

0.0

0.0
0.

0.
0.
0.

0.
0.
0.
0.

0.
0.

34000.

4000.
108000.
16000.
4910.

4580.
60000.
43900.

7470.
i000.

72530.
88000.
7910.

12400.
25227.
78582.
20716.

0.
1500.

15000.
O.
O.

22000.
0.
0.

0.

32900.
0.

0.

0.
77200.
1230.

1130.
5000.

960.
32000.
-250.

0.
0.
0.
0.

0.
0.

0.
25700.
25000.

1000.
107000.

45900.
9890.

10650.
7000.
200.

0.
0.

3000.
3428.
8000.
8000.

0.
60000.

4O



C2HO + 02

C2HO + 0

C2HO + OH

C2HO + H

C2HO + CH2

C2HO + CH2

2.0C2H0

C2B + OH

C2H + 02

C2H + O

M + CH4

CH4 + 02

CB4 + H

OH + CH4

0 + CH4

CB3 + 02

CH3 + OH

M + CH30

CH30 + 02

CB30 + H

CH3 + CH3

CR3 + 0

CH3 + CH20

C83 + BCO

CH3 + HO2

M + CH20

CH20 + OH

CH20 + H

CH20 + 0

HCO + HO2

M + BCO

HCO + 02

BCO + OH

HCO + S

BCO + 0

CH + 02

CO + 0

CO + 02

CO + OH

CO + BO2

O + H20

S + 02

O + H2

H + HO2

O + HO2

i02 + OH

H + HO2

H2 + BO2

OH + H202

B02 + HO2

B + H202

M + B202

THIRDBODY

H2 2.30 02

END

H2 + OH

H + 02

THIRDBODY

02 1.30 N2

C6H6 20.0 CH4

M + B20 =

THIRDBODY

H2 4.00 02

CO2 4.00 C6B6

H + 0 -

M + H2 -

THIKDBODY

H2 4.10 02

END

TABLE 4.17.---Continued.

-2.0C0 + OH

-2.0C0 + R

-2.0HCO

= CH2 + CO

= C2H3 + CO

= CH20 + C2H

- C2H2 +2.0CO

= C2HO + H

= C2H0 + O

= CO + Ca

- CH3 + H

= CH3 + HO2

- CH3 + H2

= CH3 + H20

= CH3 + OH

= CH30 + O

- CH30 + H

= CH20 + H

= CH20 + HO2

= CH20 + H2

= C2H4 + H2

= CH20 + H

= CH4 + BCO

= CH4 + CO

- CH30 + OH

= HCO + H

- BCO + B20

= BCO + H2

= HCO + OH

- CS20 + 02

- H + CO

= CO + SO2

= CO + H20

= CO + H2

= CO + OR

= BCO + O

= C02 + M

- C02 + 0

= C02 + H

- C02 + OH

- OH + OH

- OH + 0

= OH + H

= H2 + 02

- OH + 02

- B20 + 02

-2.00B

- H202 + B

- H20 + H02

- H202 + 02

- OH + H20

= OH + OH

.78

- S20 + H

- SO2 + M

H20

1.3 B20

5.0 H2

H + OH

1.5 H20

20.0 END

OH + M

H + H

2.0 H20

1.46E+12 0.

1.202E+12 0.

1.0E+I3 0.

5.0E+I3 0.

3.0E+13 0.

1.0E+I3 0.

1.0E+I3 0.

2.0E+13 0.

5.00E+13 0.

5.012E+13 0.

2.0E+17 0.

7.943E+13 0.

1.26E+14 0.

2.5E+13 0.

1.9E+14 0.

4.786E+13 0.

6.3E+12 0.

5.0E+13 0.

1.0E+I2 0.

2.0E+I3 0.

i. 0E+I6 0.

1.288E+14 0.

1.0E+I0 0.5

3.020E+II .5

2.00E+13 0.

5.0E+16 0.

3.0E+13 0.

2.5E+13 0.

3.5E+13 0.

1.0E+14 0.

2.94E+14 0.

3.311E+12 0.

1.0E+14 0.

1.995E+14 0.

1.0E+14 0.

1.0E+13 0.

5.9E+15 0.

2.5E+12 0.

4.17E+11 0.

5.75E+13 0.

6.8E+13 0.

1.89E+14 0.

4.20E+14 0.

7.28E+13 0.

5.0E+13 0.

8.0E+12 0.

1.34E+14 0.

7.91E+13 0.

6.1E+12 0.

1.8E+12 0.

7.8E+11 0.

1.44E+17 0.

6.0 H202

4.74E+13 0.

1.46E+15 0.

21.3 CO2

3.0 END

1.30E+15 0.

20.0 N2

7.1E+18 -1.

2.2E+14 0.

15.0 N2

2500.

0.

0.

0.

0.

2000.

0.

0.

1500.

0.

88000.

56000.

11900.

5010.

11720.

29000.

0.

21000.

6OO0.

0.

32000.

2000.

6000.

O.

O.

81000.

1200.

3990.

3510.

3000.

15569.

7000.

0.

0.

0.

0.

4100.

47690.

1000.

22930.

18365.

16400.

13750.

2126.

1000.

0.

1070.

25000.

1430.

0.

0.

45510.

6.6

6098.

-I000.

1.5

0.

96000.

2.0
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TABLE 4.17.---Concludexi.

O2

M + 02 - 0 + 0 1.80E+18 -I.

HO2 + NO z NO2 + OH 2.09E+12 0.

0 + NO2 - NO + 02 1.0E+13 0.

NO + O - NO2 + M 5.62E+15 0.

NO2 + H = NO + OH 3.47E+14 0.

NO + O - N + 02 3.8E+9 1.

O + N2 = NO + N 1.8E+14 0.

NO + H - N + OH 2.63E+14 0.

M + N20 - N2 + 0 6.92E+23 -2.5

O + N20 - N2 + 02 1.0E+14 0.

0 + N20 -2.0NO 6.92E+13 0.

N + NO2 -2.0NO 4.0E+12 0.

N20 + H = N2 + OH 7.59E+13 0.

NO2 + H2 - HN02 + H 2.4E+13 0.

OH + NO2 - HNO3 + M 3.0E+15 0.

THIRDBODY

0.70 B2 1.4 END

OH + NO - HNO2 + M 5.6E+15 0. -1700.

HNO + H - H2 + NO 5.0E+12 0. 0.

a + NO - HNO + M 5.4E+15 0. -600.

HNO + OH - H20 + NO 3.6E+13 0. 0.

118020.

-477.

596.

-1160.

1470.

41370.

76250.

50410.

65000.

28020.

26630.

0.

15100.

29000.

-3800.

AR

DISTANCE AREA

&prob welstr-.true., sencal - .true., tiny = l.e-3, &end

&wsprob dotmax- 6000., delmd- 1000., mpr= I, volume - 200.,

wsrhtr =.true., wsrhtl- .05, wsrht0--42.88, &end

&start t = 614., p - 5.0, mdot- 1500., &end

C6H6 .058825

02 .441175

N2 .2500

AR .2500

END

SENSVAR

C6H6 C6H50 C6H5 H20 C6H50H C2H2 C5H6 CH20

OH CO NO TE24P END

INIT

TEMP END

REAC

&senrxn sensaj-.true., order =.true., output -.false., allrxn -.true.,&end

FINIS
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TABLE 4.19.--COMPARISON OF BRUTE-FORCE AND GLSENS

SENSITIVITY COEFFICIENTS WITH RESPECT TO INITIAL

TEMPERATURE FOR EXAMPLE PROBLEMS 8 AND 9

Variable

C6H 6 -0.775

C6H50 -0.812

C6H5 -0.503

C6HsOH -1.00

CO 0.438

Temperature 5.79x 10 -2

Example problem 8 a Example problem 9b

GLSENS Brute force GLSENS [ Brute force

Sensitivity coefficients (Si.ro) with respect to initial
temperature

--0.776 -0.876 -0.876

-0.812 -1.42 -1.42

-0.503 -1.08 -1.08

-1.00 -2.84 -2.84

0.438 0.297 0.297

5.81x10 -2 0.11g 0.118

aC6H6-O2; initial temperature TO= 614 K; mass flow rate

rh = 6000 g/s; temperature T= 3168.7 K.

bC6H6.-.O2-N2-Ar;__ initial temperature TO= 614 K; mass flow rate

rh = 6000 g/s; temperature T= 2586.1 K.
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Chapter 5

Concluding Remarks

This reference publication describes a generalized version

of the Lewis chemical kinetics and sensitivity analysis code,

LSENS. The new code, GLSENS, allows the user to put global

reactions into a chemical mechanism along with molecular

steps. The rate expression for a global process does not obey the

law of mass action. It is determined empirically by least-

squares fitting of actual measurements of temperature and

composition over a range of experimental conditions. Any

combination of molecular and global steps can be used for
all the chemical models and in the sensitivity coefficient

computations for a static chemical reaction. The new code also
incorporates the ability to perform sensitivity analysis cal-

culations for a perfectly stirred reactor modeling computation.

The sensitivity calculations are performed rapidly and conve-

niently at the same time that the main kinetics calculations are

being done.

The GLSENS code has been extensively tested and found to

be accurate and efficient. All computed sensitivity coefficients

were compared with values obtained by the direct-variation, or

brute force, technique. Results of the two methods agreed well

in all comparisons.
Nine example problems are described in detail to illustrate

the abilities of the new generalized code. Several of the cases

show computation of PSR sensitivity coefficients and excel-

lent agreement with brute-force-computed coefficients.

This report is to be used in conjunction with the three-
volume documentation of the LSENS code (refs. 1 to 3) as the

complete documentation of the new GLSENS code.

Lewis Research Center

National Aeronautics and Space Administration

April 5, 1995
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Appendix--Multiple-Case File Setup

Showing Changing and Adding of
Global and Molecular Reactions

To illustrate the setup of multiple-case flies using molecular

and global reactions, a problem data file of seven cases has been

prepared. It is presented in table A. 1 and shows several ex-

amples of setting all the logical variables in namelist RTYPE.
Each case is discussed here, and partial results from the execu-

tion of each case are presented. The computational results give

the user insight into performing PSR problems with GLSENS

and also explain some of the messages printed by the code when

the computations run into certain problem situations.

Case 1

The first case is a perfectly stirred reactor combustion of

hydrogen and oxygen using a partial molecular reaction mecha-
nism that contains no third-body steps; it is being used for

illustrative purposes only. There are no nonreacting (inert)

species in the mixture. There are no global reactions, so no
variables have to be set in namelist RTYPE because the default

values of the variables GLOBAL and GRONLY are FALSE.

Therefore, only a dummy line is needed. Because there is no

integration or assigned variable for a PSR problem, the word

TIME is written on the integration and assigned variable, units,

and fuel name line, just to identify it. In namelist WSPROB

mass flow rate is assigned with a desired final value (DOTMAX)

of 1000 g/s to be reached by increments of 100 g/s (DELMD).

Computed results are shown in table A.2. The initial condi-
tions for a successful first convergence are usually obtained by

varying the initial mass flow rate for an assigned-mass-flow-

rate problem. Typical initial values range from 10 to 200 g/s,
but for this case MDOT had to be lowered to 0.1 g/s in namelist

START because an incomplete mechanism is being used for

demonstration purposes. The first successful convergence was

easily accomplished (in 10 iterations) to a reaction temperature
of 1102 K, which is considerably lower than the equilibrium

temperature of 3104 K. This is not a typical situation and was

caused, in part, by the use of an unrealistic chemical mecha-

nism. As shown in the other test cases, the first converged

temperature is usually within a few hundred degrees of the

equilibrium value used as the first estimate. The PSR calcula-

tion subroutine is programmed to test for the occurrence of false

solutions to the set of nonlinear algebraic equations. One

common example is convergence to a temperature higher than

the previous converged temperature (or the equilibrium tem-

perature on the first convergence). The calculation will be

aborted or restarted with a higher mass flow rate if the first

convergence and the first two increments of mass flow rate do

not give monotonically decreasing temperatures that are all

lower than the equilibrium temperature. In the present case the

temperature decrements are very small as the mass flow rate is
incremented to its final value of 1000 g/s and a final reactor

temperature of just under 1098 K.

Case 2

Case 2 is a propane-air PSR combustion problem and the

mechanism is constructed by, first, changing the rate coeffi-

cient of the last reaction in case 1and then adding the molecular

third-body reactions of the hydrogen-oxygen mechanism, in-

eluding many third-body ratios different from 1. A global

propane oxidation mechanism, similar to the one used in the

example problems of chapter 4 is then added. In namelist

RTYPE the variable GLOBAL now is set equal to TRUE; and

GRONLY, to FALSE. In addition the variables MRCHNG,

MRADD, and GLADD are set equal to TRUE to tell GLSENS

that a rate coefficient change is being made and both types of

reaction are being added. Note that this namelist is preceded by

the CHANGE action line and followed by the reaction line with

its changed rate coefficient. The list is ended by a blank line,

which is followed by an ADD action line. The new molecular

reactions (and any third-body efflciencies different from 1) are

then given. This list is ended by the word END written in the
first reactant field after the last reaction. The new global
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reactionsfollow,twolinesperreaction,usingtheformatsgiven
intable3.3.ThislistterminateswiththewordENDwrittenin
thefirstspeciesfieldafterthelastglobalreaction.Thenextline
ofthefilecontainsthenameARinthefirsttwocolumnsand
introducestheinertgasargonaspartofthereactingmixtureof
thiscase.It isfollowedbytheintegrationandassignedvariable,
units,andfuelnameline,whichcontainstheprogramname
C3H8forthefuelpropanestartingincolumn41.Thisnameis
neededbecausethesimplifiedequivalenceratiomethodisused
innamelistSTARTbelowtospecifytheinitialmixturemole
fractions.Asin case1thenamelistWSPROBsetsall the
variablesfortheassigned-mass-flow-ratePSRproblem.Note
thatthenamelistPROBcontainsno variables because all

settings from case I are saved and no new variables are set. The
same PROB may be used for any case using the CHANGE,

ADD, or REPEAT options when the previous variables do not
have to be changed and no new ones are needed.

Table A.3 shows some of the computed results. The initial

mass flow rate was set at 140 g/s. However, the messages
printed after the initial estimates show that the code had to

increase this value to 560 g/s in order to achieve a converged
temperature lower than the equilibrium temperature. The first

converged temperature was about 28 K lower than the equilib-

rium value and the calculation then proceeded smoothly. How-

ever, the desired final mass flow rate of 4000 g/s was not

reached. The messages printed after the last convergence at a

flow rate of 1610 g/s indicated a blowout condition in the

reactor. First, the iteration procedure had a problem at the next

attempted convergence. The code then restarted the iteration

after doubling the last converged flow rate. Convergence was

easily obtained in 13 iterations, but the temperature was the

same as the inlet temperature, indicating that blowout had
occurred.

Case 3

Case 3 is essentially the same as case 2. The only change,
other than initial conditions, is the addition of two more

molecular reactions to the mechanism of case 2. The action

variable ADD, therefore, follows the title line. In namelist

RTYPE all seven variables are set for illustrative purposes,

even though some have their default values. GLOBAL and

GRONLY are set to the same values they had in case 2. The
variables GLADD, GLCHNG, and MRCHNG must now have

the (default) value FALSE, and MRPREV must also be set to

FALSE because the previous case used both molecular and

global reactions. Finally, MRADD must be set to TRUE again
because it is initialized to FALSE. Note that, after the list of two

added reactions, there is a blank line ending the list and a second

one which indicates that no new inert species are being added
to the mixture.

As shown in table A.4, the initial mass flow rate was set at

450 g/s but the converged temperature was about 2 K higher

than the equilibrium temperature. The code then doubled the

initial mass flow rate, and convergence was obtained at a

temperature about 130 K below the equilibrium temperature.
Computed results were very close to those for case 2, including

the reaching of a blowout condition at a mass flow rate greater

than 1600 g/s.

Case 4

Case 4 is a propane-air, constant-volume combustion reac-
tion with the same mechanism used in case 3. The ACTION

line, therefore, contains the word REPEAT. The following

namelist RTYPE has only to reset the variables GLOBAL and
MRPREV to their nondefault values of TRUE and FALSE,

respectively. The next line is the integration and assigned
variable, units, and fuel name line, which contains the word

TIME starting in column 1 (indicating time integration) and the

fuel name C3H8 starting in column 4 I. Namelist PROB, which

follows, sets the logical variable RHOCON equal to TRUE and

lists the reaction times at which output is to be printed in the

array PRINT. It is important to notice that PROB must also reset

the variable WELSTR to the value FALSE because an integra-

tion problem is being solved. The remainder of the data for this

case consists of namelist START followed by the initial mole
fractions and namelist SOLVER, which is now added to set the

integration accuracy-control parameters.

The computed results for this problem are shown in

table A.5. The rapid reaction consumed the hydrogen much

faster than the propane, and the results show a negative concen-

tration at the final print station time of 5 _ts. Carbon monoxide

(CO) was formed at first but then was rapidly destroyed, so that

its concentration also went negative. These negative concentra-

tions indicate an incomplete mechanism. Note that GLSENS

prints any negative concentrations in an integration problem

and prints a message indicating which species concentrations

have become negative.

Case 5

Case 5 is a propane-air PSR combustion reaction, but a new

all-global reaction mechanism is used so that this problem has

the action option NEW and all variables are reset to their default
values. In namelist RTYPE both the variables GLOBAL and

GRONLY are set equal to TRUE. No other variables have to be

set. The remaining data for this assigned-mass-flow-rate prob-

lem are given as in the previous cases, except the initial-mixture

composition, which is listed as individual species mole frac-
tions after namelist START.

Table A.6 shows that the iteration procedure converged
smoothly for the initial mass flow rate of 100 g/s to a tempera-

ture about 140 K below the equilibrium temperature. The
calculation did not reach the desired final flow rate of

1600 g/s. Convergence problems were experienced at a flow

rate above 140 g/s, and restarting at higher flow rates did not

help the situation. The reactor was probably approaching

47



blowoutcondition,eventhoughthecalculationdidnotshow a

convergence temperature the same as the initial-mixture tem-

perature, as happened in cases 2 and 3.

Case 6

Case 6 is similar to case 5 but changes one reaction rate

coefficient and adds one new global reaction. The CHANGE

option is written on the action line, and namelist RTYPE sets
the variables GLCHNG and GLADD as well as GLOBAL and

GRONLY equal to TRUE. The variable MRPREV must be set
to FALSE as in the previous case. The changed and added

global reactions follow namelist RTYPE as in the previous
cases.

Computed results for this case are shown in table A.7. This
PSR case is similar to case 5 and uses an all-global mechanism

modified from that case. The initial flow rate of 100 g/s had to

be increased by GLSENS to 800 g/s in order to get proper

convergence to a temperature about 100 K less than the equilib-

rium temperature. The calculation then proceeded smoothly to

the required final mass flow rate of 1500 g/s.

Case 7

The last case is a different propane-air PSR problem using
a mechanism that adds several molecular reactions to the all-

global mechanism of the previous case. Namelist RTYPE sets

the variables GLOBAL and MRADD equal to TRUE and the

variables GRONLY and MRPREV equal to FALSE. The other

three variables are reset by the code to their default values of
FALSE. The list of added molecular reactions follows this

namelist and is in turn followed by a blank line (indicating

the absence of any new inert species) and the remainder of
the case data.

The results shown in table A.8 indicate that the initial mass

flow rate of 140 g/s had to be increased to 560 g/s to get a

successful convergence to a temperature only 7 K less than the

equilibrium temperature. The calculation ended normally at

the required final flow rate of 1160 g/s.
This set of cases illustrates many of the typical situations

that would be encountered in the task of developing a com-

bined molecular and global reaction mechanism. See table 3.2

for a summary of the required values of the variables in

namelist RTYPE for these problems and several other possible

mechanism change situations.
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TABLE A. 1 .--DATA FILE FOR MULTIPLE CASE, S WITH GLOBAL CODE

TAPE

GLOBAL CODE TEST CASE: MOLECULAR REACTIONS ONLY AND NO INERT$ CASE i

&rtype

0

H

O

H

0

SO2

B

S2

Oa

402

H

&end

+ 820 - OH + OH 6.8E+13 0.

+ 02 = OH + O 1.89E+14 0.

+ H2 s OH + H 4.20E+14 0.

+ HO2 - H2 + 02 7.28E+13 0.

+ HO2 - OH + 02 5.0E+13 0.

+ O4 - 420 + 02 8.0E+12 0.

+ 402 -2.004 1.34E+14 0.

+ HO2 - H202 + H 7.91E+13 0.

+ 4202 - H20 + 402 6.1E+12 0.

+ RO2 i H202 + 02 1.8E+12 0.

+ B202 - OH + H20 5.0E+11 0.

18365.

16400.

13750.

2126.

1000.

0.

1070.

25000.

1430.

0.

0.

TIP_

&prob welstr-.true., &end

&wsprcb delmd- I00., dotm_x- I000., mpr-2, vol_,e- 2000., &end

&start t- 800.,p-5.5,m_ot- 0.I, &end

02 .193301

H2 .806699

END

FINIS

GLOBAL TEST CASE: CHANGE AND ADD GLOBAL AND MOLECULAR REACTIONS CASE 2

CHANGE

&rtype global-, true., gronly-, false.,

mrchng-.true., mradd- .true., gladd- .true., &end
H + 4202 - 04 + B20 7.8E+I 1 0. 0°

ADD

M + B202

TBIRDBODY

B2 2.30 02

END
B2 + OA

B + 02
TBIRDBODY

02 1.30 N2

END

M + 820

TUIRDBODY

B2 4.00 02

E2_D

B + O

M + H2

TBIRDBODY

B2 4.10 02

END

M + 02

CO + O

CO2

END

OH

1.

END

-2.004 1.44E+17 0. 45510.

.78 H20 6.0 4202 6.6

- B20 + H 4.74E+13 0.

- 402 + M 1.46E+15 0.

6098.

-1000.

1.3 B20 21.3 42 3.0

- H + OB 1.30E+15 0. 105140.

1.5 B20 20.0 N2 1.5

- OB + M 7.1E+18 -I.

- H + B 2.2E+14 0.

0°

96000.

2.0 B20 15.0 N2 2.0

- O + 0

> CO2

> CO + 0

1.80E+18 -I. 118020.

8.43E+09 -.001 1000.

9.08E+18 -1.84 130754.

B20

1. 1

CO

i. 1

CO2

1. 1

N2

1. 1

2.0 NO > N2

2 2.00E÷11 0.

CN +2.0 0 • NO

i. 1 8.30E+ii 0.

CN ÷ NO • CO

i. I 1.25K+12 0.

2.0 CH2 + N2 •2.0 CN

1. 1. 5.00E+13 0.
CH2 + 02 • CO

1. .5 3.50E+07 0.

02 + C3H8 •3.0 CH2

1.6 .i I.iOE+12 0.

B2 + 02 >2.0 OH

I. i. 1.00£+00 0.

C3H8 +2.0 OH • H20

.15 i. 1.98£+06 0.

+0 42 + 02 • H2O. i. 0.96E+12 -.1

520 + O • B2

I. I. 4.90E+I0 .18

+ 0 • 42 + 02

4.90E+10 .18 -510.

+ H20 > C02 + B2

1.30E+05 1.31 -7000.

+ B2 • CO + B20

4.41E+10 .19 3527.

+ 02 >2.0 NO

4.00E+14 .03 100000.
+ 02

38000.

+ CO

0.

+ N2

0.

+2.0 B2

54000.

+ 420

5000.

+2.0 OH

41000.

49080.

+ C3B8 + O

4000.
+ 0 + OH

1013.

+ 02

-510.
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TABLE A. I .------Continued.

AR

TIME C388

&pr ob &end

&wsprob

delmd- 50., dotmax- 4000.,mpr-2,
volume- 500., 6end

&START r m 800.,P'5.5,_OT" 140.0, eratio -1.5, scc - 3.0, sch - 8.0, &END
END

FINIS

GLORAL TEST CASE; ADD MOLECULAR REACTIONS TO PREV. CASE CASE 3

ADD

&rtype global-, true., gronly-, false., gladd - .false., glchng - . false.,

mrprev - .false., mrchng - .false., mradd-.true., &end

B2 + 02 - OH + OH 1.7E+13 0. 47780.

O + B202 - OH + m02 8.0E+13 0. 1000.

END

TI_E C388

&PROB WELSTR-. TRUE., &END
&WSPROB

DEIJPE>- 50., DOTMAX- 1800.,MPR-2,

VOLU_- 500., &END

&start t- 800.,I>-5.5, tudor- 450., eratio - 1.5, scc -3.0, sch -8.0,

END

FINIS

GLOBAJb TEST CASE; INTEGRATION CASE WITR PREVIOUS MF..CBIANISM; CASE 4
REPEAT

&rtype global-, true., mrprev - .false., &end

TIRE C3B8

&prob rhocon - .true., print - 1.e-6, 2.0e-6, 3.0e-6, 3.5e-6, 4.0e-6,

5. e-G, wels_r - . false., &end

&start t- 1600., i>-5.5, &end

H2 .0573205

N2 .720502

C02 .0002768

02 .193301

C3B8 .02

AR .0085997

END

&solver emax - l.e-6, atolsp - l.e-15, &end
FINIS

GLOBAL CODE TEST CASE: ALL GLOBAL REACTIONS; NEW CASE

NEW

&rCype global-.true.,gronly-.nrue., &end

OH

1.

B20 + O • E2

I. 1. 4.90E+I0 .18

CO + R20 • CO2

1. 1. 1.30E+05 1.31

C02 + H2 • CO

I. 1. 4.41E+10 .19

N2 + 02 >2.0 NO

1. i. 3.00E+14 .03

2.0 NO > N2

2. 2.00E+II 0.

CN +2.00 > NO

I. 1. 8.30E+11 0.

CN + NO > CO

1. I. 1.25E+12 0.

2.0 CR2 + N2 >2.0 CN

1. i. 5.00E+13 0.

CH2 + 02 > CO
1. .5 3.50E+07 0.

02 + C3H8 >3.0 CB2

1.6 .I 1.10E+12 0.

H2 + 02 >2.0 OH

1. 1. 1.00E+00 0.

C3B8 +2.0 O5 > E20

.15 1. 1.98E+06 0.

+ 52 + 02 > B20
0. 1. 0.96E+12 -.1

CASE 5

+ 02

-510.

+ R2

-7000.

+ 820

3527.

I00000.

+ 02

38000.

+ CO

0.

+ N2

0.

+2.0 B2

54000.

+ B20
5000.

+2.00B

41000.

49080.

+ C358 + O
4000.

+ 0 + OH

1013.

AR

TIME C3B8

&prob welstr-.true., &end

&wsprob delmd- IC., dot_ax- 1600.,

&start t- 800.,p-5.5,mdot- 100., &end

02 .193301

N2 .720502

C3B8 .0773205

AR .0088765

END

FINES

mpr-l, volume- 200., &end

&end
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TABLE A. 1.---Concluded.

ALL GLOBAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION

CaANGE

&rtype

ADD

global-.true.,gronly-.true., glchnq-.true.,

gladd - .true., mrprev - .false., &end

N2 + 02 >2.0 NO

1. 1. 4.00E+14 .03 100000.

B20 + 0 • H2 + 02

1. I. 4.90E+10 .18 -510.

END

AR

TIME C3H8

&prob & end

&wsprob

delmd- 200., dotmax- 1500.,_r-2,

volume-2500., &end

&start t- 800.,p-5.5,mdot- 100.,

02 .193301

N2 .720502

C3H8 .0773205

AR .0088765

END

FINIS

GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED

ADD

&rtype global-.true.,gronly-.false., mrprev - .false.,

mradd=, true., &end

&end

CASE 7

CASE 6

O + B20 - OR + OH 6.8E+13 0.

S + 02 - OR + 0 1.89E+14 0.

O + H2 - OR + H 4.20E+14 0.

H ÷ 802 - 82 + 02 7.28E+13 0.

O ÷ H02 = 08 + 02 5.0E÷13 0.

HO2 + OH - H20 + 02 8.0E+12 0.

H + H02 -2.00H 1.34E+14 0.

H2 + H02 - H202 + H 7.91E+13 0.

OR + H202 - H20 + H02 6.1E+12 0.

BO2 + H02 - H202 + 02 1.8E+12 0.

H + H202 - OH + H20 7.8E+II 0.

M + H202 -2.00H 1.44E+17 0.

THIRDBODY

B2 2.30 02 . 78 H20 6.0 H202

END

B2 + OH - H20 + H 4.74E+13 O.

H + 02 - HO2 + M 1.46E+15 0.

TBIRDBODY

02 1.30 N2 1.3 H20 21.3 H2

END

M + H20 l H + OH 1.30E+15 0.

TB IRDBODY

H2 4.00 02 1.5 H20 20.0 N2

END

S + 0 - OH + M 7.1E+18 -I.

M + B2 - B + H 2.2E+14 0.

THIRDBODY

B2 4.10 02 2.0 H20 15.0 N2

END

M + 02 - 0 + 0 1.80E+18 -I.

CO + O > C02 8.43E+09 -.001

C02 > CO + 0 9.08E+18 -1.84

END

TIR_ C3R8

&PROB WELSTR-. TRUE., &END

&WSPROB

DELMD- i00., DOTMAX- 1160.,MPR=l,

VOLUMe- 500., &END

&START T- 800.,P-5.5,_K)OT- 140.0, eratio -1.5, scc - 3.0, sch - 8.0,

END

FINIS

18365.

16400.

13750.

2126.

1000.

0.

1070.

25000.

1430.

0.

0.

45510.

6.6

6098.

-1000.

3.0

105140.

1.5

0.

96000.

2.0

118020.

1000.

130754.

&END
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TABLE A.2.---COMPUTED RESULTS FOR TEST CASE 1 (HYDROGEN.OXYGEN PSR PROBLEM USING ALL MOLECULAR REACTIONS)

cc

DATA LINES

1 2 3 4 5 6 7 8
123_67_9_4S_7_9_1234S_9O1_4_678_2_4S6789_234_6789_23q567_23q_67_

OLODAL COD_E TEST CASE1 MOLECULAR REACTIONS ONLY AND NO INERTS CASE 1
Artype &rand

0 + N20 : OH ÷ OH 6.8E¢13 0. 18365.
H + 02 : OH + 0 1.89E_Lq O. 16q00.
0 + H2 : OH ÷ N q.2OE+lq 0. 13750.
H + H02 = H2 + 02 7.28E+13 O. 2126.
0 ¢ H02 : OH + 02 $.0E÷IS O. 1000.
H02 + OH = HI0 + 02 8.0E÷12 O. O.
H ÷ H02 =2.00H 1.34E÷14 O. 1070.
H2 + N02 : HZOZ + N 7.91E÷13 O. 25000.
OH + H202 = H20 + f102 6.1E÷12 0. l_SO.
H02 + NOZ - H202 + OZ 1.8E¢IZ O. O.
H + H20Z : OH ÷ HZO S.OE÷ll O. O.

BLANK LINE
BLANK LINE

TIME
&prob _Istrz.true., &end
B_mprob delmd: 100., dotmmx: lOOO., mprzZ, volume z 2000., &end
&start *: 800.,p:S.S,lodot: 8.1, Aond

02 .193301
H2 .806699
END
FINIS

LEHIS SENSITIVITY AND GENERAL KINETICS PROGRAM NASA LEHIS RESEARCH CERTER

GLOBAL CODE TEST CASEJ MOLECULAR REACTIONS ONLY AND NO INERTS CASE 1

REACT ION REACTI ON
NUMBER

1 lmO ++ lxH20 = 21Off2 IIH 1_02 )nOH ÷ lxO
S 110 ÷ IXH2 : liON ÷ IWH
4 lnH + lXHOZ = )EH2 + 1x02
5 lmO + 1NHO?. = INOH ÷ 1x02

6 lXtlOZ + IMOH _z IuHZO ÷ liD2
7 INH ÷ llNOZ ZxOfl
8 IEHZ ÷ IX]f02 • IUHZ02 + lxN
9 1]tOH ÷ IxHZOZ • LNHZO ÷ l_NOZ

10 2MHO2 • lXH20Z ÷ lxOZ
11 IEH + LxHZ02 • IIOH + lxHZO

SU MEN INPUT DATA OIVEN IN COS UNITS ix NN

REACTION RATE VARIABLES
A N ACTIVATION

ENERGY
6.80000Et13 0.0000 18365.00
1.89000E*1_ O.OO00 16400.00
q.2OOOOE+I_ 0.0000 13750.00
7.ZBOOOE+13 0.0000 2126.00
S.O000OE+I3 0.0000 1000.00
8.00000E÷12 0.0000 0.00
1.34000E+lq 0.0000 1070.00
7.91000E+13 0.0000 25000.00
6.10|00E+12 0.0000 lqSO.O0
1.80000E+L2 0.0000 0.00
S.00000E+II 0.0000 0.00

OUTPUT REQUIRED IN COS UNITS N!

xx ASSIGNED VARIABLE PROFILE nx

NELL - STIRRED REACTOR CASE

VOLUME OF REACTOR • 2.00000E+03 CMlXS
MASS FLOM RATE TO START ITERATION • 1.00000E-01 G/S

ASSIGNED NABS FLOH RATE PROBLEM: NABS FLGN PATE INCREMENT • 1.OOO00E+02 G/S
flAXIHUM MASS FLON RATE = 1.00008E+05 O'S

NUMBER OF REACTING SPECIES, 8

NUMBER OF INERT SPECIESt 0

NX INITIAL CONDITIONS X_

TIME 0.00000E+00 SEC AREA O.O0000E+O0 SG CN

FLGN PROPERTIES

PRESSURE
(ATM)

VELOCITY
(C:_SEC)

DENSITY
((_CNIM3)

TEMPERATURE
(BEG K)

HASS FLON RATE
(O/SEC)

ENTROPY
(CAL/G/DEG K)

HACH NIMBER

OAI'N_

EHTHAL PY
(CAL/O)

SP. HEAT (CP)
(CAL/O'DEG K)

5.50000

0.00

6.SqqOqE-Oq

800.00

1.OOIOOE-01

5.0211

0.0000

1.3762

4.56525E_OZ

9.30602E-01

AXIAL POSITION

INTEGRATION INOICATORS

STEPS PROM LAST PRINT

AVERAGE STEP SIZE

METHOD ORDER

TOTAL NUMBER OF STEPS

FUHCT EVALOATIONS

JACOBIAN [VALUATIONS

O.O0000E+O0 CJ,I

0

O.OO000E+O0

0
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TABLE A.2.-.-Continued.

CHI_ICAL PROPERTIES

SPECIES CONCENTRATION MOLE FRACTION
(MOLES/CMKXS)

0 0.00000E÷00 0.00000E+00
H20 0.00000E÷00 0.00000E.00
OH O.O0000E+O0 0.00000E÷00
H O.O0000E+O0 0.00000E_00
02 1.61956E-05 L.93301E-OI
H2 6.75887E-05 8.06699E-01
H02 , 0.00000E+00 0.00000E÷00
H202 O.OOO00E+O0 O.O0000E÷00

MIXTURE MOLECULAR HEIGHT 7.81154

m

NET SPECIES PRODUCTION REACTION RATE CONST
RATE (MOLE/C_NS/SEC) NUMBER COS UNITS

0.00000E+00 1 6.5377E÷08
O.O0000E÷O0 2 6.2545E÷09
O.00000E+O0 3 7.3608E+10
2.25347E-10 4 L.9113E+LS

-2.25347E-10 $ 2.6655E+13
-2.25347E-10 6 8.0000E÷IZ

2.25347E-10 7 6.8359E_13
0.00000E+00 $ 1.1708E÷07

9 2.4813E÷12
10 1.8000E+12
11 5.0000E+11

TOTAL ENERGY EXCHANGE RATE 2.76731E+01
(CAL-CHMxS/Gx_2/SEC)

NET REACTION CONV RATE
(HOLE-CH.qKS/GxxZ/SEC)

0.00000E+00
0.00000E+00
0.00000E+00

-5.2608ZE-04
0.00000E+00
0.00000E+00
0.O0000E+O0
0.00000E+00
0.00000E÷00
0.00000E+00
0.00000E÷00

MASS FRACTZON SUM

NET RATE/POSI-
TIVE DIR RATE

0.00000
0.00000
0.00000
1.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.0o0o0

1.00000o00

CPU TIME FOR INITIALIZATION OF LSENS = 0.433333 5

IOIEQUXLX_RXUM CONDITIONS xx

TIME 0.00000E÷00 SEC

FLOH PROPERTIES

PRESSURE
(ATM)

VELOCITY
(CM/SEC)

DENSITY
(G/CHxXS)

TEMPERATURE
(DEG K)

MASS FLGH RATE
(G/SEC)

ENTROPY
(CAL/G/DEO K)

MACN NUMBER

OAHMA

ENTHALPY
(CAL/O)

SP. HEAT (CP)
(CAL/G/DEG K)

AREA 0.0@000E+00 SQ (34 AXIAL POSITION

SPECIES CONCENTRATION MOLE FRACTION
(MOLES/CMXNS)

0 3.57452E-08 1.65522E-03
H20 9.37412E-06 4.34104E-01
OH _.54298E-07 Z.10379E-O2
H 1.36271E-06 6.31051E-02
02 Z.2BBSOE-08 5.96686E-04
NZ 1.03544E-05 4.70408E-01
H02 • 6.53034E-11 3.02412E-06
H202 1.OZS49E-11 4.76743E-07

5.50000

0.00

1.99835E-04

3103.95

1.00000E-01

6.0245

0.0000

1.2304

_.56525E÷02

1.1q667E+00

INTEGRATION INDICATORS

STEPS FRUM LAST PRIHT

AVERAGE STEP SIZE

METHOD ORDER

TOTAL NUMBER OF STEPS

FUNCT EVALUATIONS

JACOBZAN EVALUATIONS

CHEMICAL PROPERTIES

MIXTURE MOLECULAR HEIGHT 9.25415

NET SPECIES PRODUCTION REACTION RATE CONST
RATE (MOLE,,'CI_eMS/SEC) NUMBER COS UNITS

1.07622E-06 1 3.4628E÷12
4.15227E-07 2 1.3235E+13

-I.62916E-06 5 4.5197E*13
-6.76196E-07 4 5.1575E÷13

8.35931E-08 S 6.2517E413
7.4S053E-07 6 8.0000E÷12

-1.62663E-0B 7 1.1266E_14
-q.69738E-10 8 1.3738E÷12

9 4.8377E_12
10 1.8000E*lZ
11 5.0000E*11

TOTAL ENERGY EXCHANGE RATE -2.58138E+05
(CAL-CMNXS/O_N2/SEC)

NET REACTION CONV RATE
(MOLE-CMx_3/GxxZ/SEC)

-1.03879E_01
-1.93939E*00
-1.05043E+01

1.4173ZE-01
2.95487E-03
9.19158E-03
2.148_0E-01

-1.10201E-02
4.46155E-04
1._5917E-07
2.88632E-04

MASS FRACTION SUM

0.00000E÷00 CM

0

0. 00000E÷00

0

NET RATE/POSI-
TIVE DXR RATE

0.00000
0.00000
0.00000
0.00000
0.00000
0.0000@
0.00000
0.00000
0.00000
0.00000
0.00000

1.00000071

COMPUTATIONAL HQRK REOUIREO FOR EQUILIBRIUM CALCULATION,
NO. OF ITERATIONS • 8 CpU TIME • 1.666665E-02 S

INITIAL ESTIMATES (SIGMAS) AT TlgqPERATURE s 3103.95 K,

0 1.78863E-04
H20 4.69092E-02
OH Z.Z7336E-03
H 6.81913E-03
02 6.44778E-05
H2 S.18145E-OZ
H02 3.26786E-07
H202 5.1516BE-08

NELLSTIRREO REACTOR CALCULATION .... OLOIAL CODE TEST CASE_ MOLECULAR REACTIONS ONLY AND NO ZNERTS

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM S.SO000 5.50000 1.00000
TEMP. BEG K 800.000 1102.07 1.37758
ENTROPY CAL/GI&'K 5.02109 5.50757 1.09689
DENSITY GM/CM_NS 6.54484E-04 4.75096E-04 0.72591
ENTHALPY CAL/GH 456.525 456.525 1.0@000
SP. HEAT (CP) CAL/GI4/K 9.30602E-01 9.62686E-01 1.03q26
MOL. Hr. OF MIXT 7.8115 7.8115
GAHHA 1.3762 1.3593

CASE 1
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TABLE A.2.--Concludcd.

SPECIES HOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

O 0.00000E+00 O.00OOOE*00 A.12q46E-03 0.44761E-03
HIO 0.00000E+00 0.00000E.00 3.73312E-01 0.60942E-01
OH 0.00000E-00 0.00000E*00 2.61348E-03 $.69007E-05
H 0.00000E000 0.00000E÷00 3.69187E-01 4.76885E-02
02 L.93501E-0L 7.91820E-01 3.27612E-03 1.3420LE-02
H2 0.06699E-01 2.08172E-01 2.47487E-01 &.38649E-02
H02 0.00000E*00 0.00000E+00 7.81154E-10 3.30067E-09
HI02 0.00000E+00 0.00000E000 7.81134E-10 3.40144E-09

VOLUME 2000.00 CMgtq$ MASS FLO 0.100000 OIq/S(C

HDOT/VOLUME • 0.00005 RESIDENCE TZNE: 9501o925 NSEC ITERATIONS : 10

NELLSTIRRED REACTOR CALCULATION .... GLOBAL CODE TEST CASEI MOLECULAR REACTIONS ONLY AND NO INERTS

INITIAL STATE FINAL STATE FIHAL/INITIAL RATIO

PRESSURE ATM 5.50000 5.50000 1.00000
TEHP. DEG K 000.000 1090.26 1.37282
ENTROPY CAL/GIVK 5.02100 §.30745 1.00487
DENSITY G_C_E3 6.54484E-04 4.76743E-OG 0.728_3
ENTHALPY CAL/GH 456.525 456.$25 1.00000
SP. HEAT (CP) CAL/ON/K 9.30602E-0I 9.61760E-02 1.03340
HOL. HT. OF flIXT 7.8115 7.8115
OAJgAA 1.3762 2.3596

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

0 0.00000E_00 0.00000E000 4.66892E-03 9.56277E-03
H20 0.00000E_D0 0.00000E+00 3.60083E-81 0.53035E-01
OH 0.00000E_00 0.00000E+00 3.01596E-03 6.56636E-03
H 0.00000E_00 0.00000E.00 3.65214E-01 4.71288E-02
O2 1.93301E-0I 7.918ZSE-01 4.51704E-05 1.05054E-0Z
H2 8.06699E-0I 2.08172E-01 2.52701E-01 6.S2105E-02
HO2 0.00000E000 0.00000E÷00 7.SlISAE-10 3.30067E-09
H2O2 0.00000E_00 0.00000E÷00 7.81154E-10 3.401_6E-09

VOLUME 2000.00 ClAv_3 .MASS FL0 000.100 G_VSEC

14DOT/VOLUME • 0.45005 RESIDENCE TIME : 1.059 NSEC ITERATIONS : 2

HELLSTIRRED REACTOR CALCULATION .... GLOBAL CODE TEST CASEJ MOLECULAR REACTIOHS ONLY AND NO XHERTS

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATN 5.50000 5.50000 2.00000
TEMP. DEG K 800.000 1007.88 1.37235
ENTROPY CAL/GIVK 5.02109 5.50746 1.09487
DENSITY GH/CHmx3 6.54484E-04 4.76907E-04 0.72860
EHTHALPY CAL/Gf4 456.525 456.525 1.00000
SP. HEAT (CP) CAL/OH/K 9.30602E-01 9.61609E-01 1.03541
HOL. Hr. OF HIXT 7.8215 7.0115
GAPgU 1.5742 1.3597

SPECIES HOLE FRACT MASS FRACT HOLE FRACT MASS FRACT

O 0.00000E÷00 0.00000E000 4.71882E-05 0.66496E-03
HIO 0.00000E+00 0.00000E+00 3.69556E°01 8.$2233E-01
0N 0.00000E*O0 0.00000E+00 3.05414E-03 6.649qSE-03
H 0.00000E+00 0.00000E+00 3.64817E-01 4.70745E-02
02 1.93301E-01 7.01820E-01 4.64676E-03 1.90347E-OZ
H2 0.06699E-01 2.08172E-01 2.53228E-01 6.53_65E-02
HO2 0.00000E+00 0.00000E+00 7.81154E-10 3.30067E-09
H202 0.00000E.80 0.00000E÷00 7.81154E-10 3._0146E-09

VOLUME 2000.00 CI¢xx3 MASS FLO 1000.00 GH/SEC

HDOT/VOLUNE : 0.50000 RESIDENCE TIME : 0.984 HSEC ITERATIONS = 2

COMPUTATIONAL NORK REQUIRED FOR PSR CALCULATIOHt
NO. OF ITERATIONS : 30 CPU TIME • 3.666667E-01S

CASE I

CASE 1

(LSENS) END OF THIS CASE

TOTAL CPU TIME (INCLUDINO 1/01 REQUIRED : 0.833333 S

_(LSENS) READ DATA FOR NEXT CASE
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TABLE A.3.---COMPUTED RESULTS FOR TEST CASE 2 (PROPANE-AIR PSR PROBLEM USING GLOBAL AND MOLECULAR REACTIONS)

_ DATA LINES _

1 2 3 ¢ S 6 7 $
CC 12345678g0123456789012345678901234567890123456789012345678901234567810123_567890

GLOBAL TEST CASEs CHANGE AND ADD GLOBAL AND MOLECULAR RF-ACTIOMS CASE 2
CHAHGE

&rtYPe globol:.*ruo.,gronLy:.false.,
mrchng=.truo.p mrlDdd = .truo.p gladd = .true._ 8end

H + H202 = OH + H20 7.8E+11 0. O.
BLANK LINE

ADD
H + H202 12.00H 1.4_E+17 0. 45510.
THIRDBODY

HZ 2.30 02 .78 1420 6.0 H202 6.6
END

HZ + OH " H20 + H 4.74E+13 0. 6098.
H + 02 = H02 + M 1.46E+15 0. -1000.
THTRDBODY

02 1.30 N2 1.3 HZO 21.3 H2 3.0
END

H + HI0 : H * OH |.30E+15 0. 10514@.
THIRDBODY

H2 4.00 OZ 1.5 H20 Z0.0 NZ 1.5
END

H * 0 = OH + N 7.1E+18 -1. 0.
M + H2 H + H 2.2E414 0. 96000.
THZRDSODY

H2 4.10 02 2.0 HZO 15.0 N2 2.0
END

M + 02 = 0 + O 1.80E÷18 -1. 118020.
CO + 0 > -.001 1000.8.43E+09C02

C02 • CO + O 9.08E+18 -1.04 130754.
END

H2O + 0 • H2 + 02
1. 1. 4.90E+10 .18 -510.

CO + HZO ) C02 + H2
1. 1. 1.30E+05 1.31 -7000.

C02 + H2 • CO + HI0
1. 1. 4.41E+10 .19 3527.

N2 + 02 >2.0 NO
1. 1. 4.00E+14 .03 100000.

2.0 NO • N2 + 02
2. Z.00E+11 0. 38000.

CN +2.0 0 • NO + CO
1. 1. 8.50E+11 O. 0.

CN + NO • CO + N2
1. 1. 1.25E+12 O. 0.
2.0 CH2 + N2 >2.0 CN *2.0 H2
1. 1. 5.00E+13 0. 54000.

CH2 + 02 • CO + H20
1. .S 3.50E+07 0. 5000.

02 + C3H8 •3.0 CH2 +2.0 OH
1.6 .1 1.10E+12 O. 41000.

H2 + 02 •2.0 OH
1. 1. 1.00E+0Q 0. 49680.

C3H8 ÷2.0 OH • H20 + CSH8 + 0
.15 1. 1.98E+06 0. 4000.

OH + H2 + 02 • H20 + O + OH

1. 0. 1. 0.96E*12 -.1 1015.
H2O + 0 • H2 + 02

1. 1. 4.90E+10 .18 -510.
END

AR
TIME C3H8

&prob &end
&kmProb

delmd: 50.0 do_lmX: 400D.,mpr=2,
volume: 500., &end

&START T: 800.,P:S.S,MDOT: 140.0, eratLo :1.5, scc = 3.0, sch : 8.0,
END
FINIS

LENIS SENSITIVITY AND GENERAL KINETICS PROGRAM

&END

NASA LI5413 RESEARCH CENTER

GLOBAL TEST CASE, CHANGE AND ADD GLOBAL AND MOLECULAR REACTIONS CASE 2

REACTION
NUM)ER

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20

IMO
lxH
leO
1NH
lxO
1KHOZ
INH
INH2
lxOfl

INN
H

1Nfl2
1NH

M
lxH

M
M

lxco

REACTION

+ )SH2O = 2NOH
+ IX02 lxOH + lxO
* IxH2 : 1NON + IXN
+ INH02 : laH2 + 1102
+ 1NH02 = 1NOH + 1102
+ lXOH : 1_H20 + 1x02
+ 1NN02 : 2NOH
+ 1xH02 = 1NHZOZ + 1MH
+ 1NH202 : IMfl20 + 1NNO2

2MH02 u lSH202 + 1N02
+ 1_N202 : 1NOH + 1IN20
+ lxH202 : 2MOH
+ 1NOH : lxN20 + INN
+ 1N02 : INHO2 + M
+ l_H20 : INN + 1NON
+ INO : 1NOH + H
+ I_H2 21H
+ 1N02 = 2NO
+ 1M0 • IICOZ

1NC02 • 1_C0 + 1_0

REACTION RATE VARIABLES
A N

6.80000E+13 0.0000
1.89000E+14 0.0000
q.20000E+14 0.0000
7.28000E+13 0.0000
5.00000E+13 8.0000
8.00000E+12 0.0000
1.34000E+14 0.0000
7.91000E+13 0.0000
6.10000E+12 0.0000
1.80000E+12 0.0000
7.80000E+11 0.0000
1.44000E+17 0.0000
4.74000E+13 0.0000
1.46000E+15 0.0000
1.30000E+15 0.0000
7.10000E+10 -1.0000
2.20000E+14 0.0000
1.80000E÷18 -1.0000
8._3000E÷09 -0.0010
9.08000E+18 -1.8400

ACTIVATION
ENERGY

18365.00
16400.00
13750.00

2126.00
1000.00

0.00
1070.00

25000.00
1430.00

0.00
0.00

45520.00
6098.00

-1000.00
105140.00

0,00
96000.00

118020.00
1000.00

130754.00
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II(H2
H( 02
N(H2
NCH2

N_B_

21
22
23
2¢
25
26
27
28
29
30
31

32
33
34

REACT/ON
NGIq1IER

21
22
23
24
25
26
27
28
29
30
31
32
33
3¢

TABLE A.3.---Continued.

ALL THIRD BODY RATIOS ARE 1.0 EXCEPT THE FOLLOHINO

• 121 s 2.30000 ME02 , 12) s 0.78000 H(H20 , 12) s 6.00000 MCH202
, 141 z l.SOO00 N(N2 , 141 = 1.30000 H(H20 , 141 = 21.30000 H(H2
• 1S) = 4.00000 N(02 • 15) s 1.50000 M(HIO , IS) = 20.00000 MEN2
• 17) z 4.10000 N(02 , 171 = 2.00000 M(H20 , 17) z 10.00800 HEN2

• 12) : 6.60000
• 14) z 3.00000
• 1S) = 1.50000
• 17) : 2.00000

Jmx GLODAL REACTIONS Inn

REACTION

1.OKH20 * 1.0NO • |.OKH2 * 1.0x02
1.0xco * 1.0XH20 • 1.0xC02 4 1.0mH2
1.0xC02 * 1.0NH2 > 1.01C0 • 1.0_HZO
Z.OXN2 * 1.0x02 • 2.0XNO

2.0ENO • X.ONN2 * Z.OnOZ
1.0XCN * 2.0xO • Z.OxNO + I.OxCO
I.OXCN * I.ONNO • I.OxCO + X.OaN2
2.0)h_H2 • I.OXN2 • 2.0nCN + 2.0nH2
1.0xCH2 ÷ 1.0x02 • I.OXCO ÷ 1.0XH20
2.0_02 + l.OxCSf18 • 3.0_H2 + 2.0xOH
I.ONH2 + 1.0102 • 2.0wOH

Z.OXCSH8 + 2.0EOH • 1.OIH20 * 1.OEC$HS ÷ 1.0_0
I.OHOH + 1.0NH2 + 1.0102 • 1.0mH20 + 1.0_0 ÷ 1.0xOH

1.0xH20 * 1.0EO • l.OxH2 • 1.0E02

REACTANT EXPONENTS REACTION RATE VARZASLES
REXP 1 REXP 2 REXP 3 A N ACTIVATION

ENERGY
0.000 1.000 1.000 _.DDO00E÷IO 0.1800 -510.00
0.000 1.000 L.O00 1.30000E+05 1.3100 -7000.00
0.000 1.000 1.000 4.4]000E+10 0.1900 3527.00
0.000 1.000 1.000 _.00000E+14 0.0300 100000.00
0.000 0.000 2.000 2.00000E,12 0,0000 3800O.OO
0.000 1.000 1.000 8.30000E÷11 0,0000 0.00
0.000 1.000 1.000 1.25000E+22 0.0000 0.00
0.000 1.000 1.060 5.00000E÷13 0.0000 54000.00
0.000 1.000 O.SO0 3.50000E÷07 0.0000 5000.00
0.000 1.600 0.100 1.10000E+12 0.0@00 41000.00
0.000 1.000 1.000 I.OO000E÷O0 0.0000 49080.00
0.000 0.150 1.000 1.98000E_06 0.0000 4000.00
1.000 0.000 1.000 0.60000E÷11 -0.1000 1013.00
0.000 1.000 1.000 ¢.90eOOE÷ZO 0,180o -510.00

_X N_H INPUT DATA OlVE)I IN COS UNITS _ mx OUTPUT REQUIRED IN COS UNITS ix

Ix ASSIGNED VARZAILE PROFILE II

NELL - STZRRED REACTOR CASE

VOLUKE OF REACTOR • 5.00000E_02 CNxl5
RASS FLOtl RATE TO START ITERATION : 1.¢0000E÷02 G/S

ASSIGNED MASS FLOH RATE PRO|LE)It MASS FLON RATE INCRE)IENT : 5.00000E÷01 O/S
RAXINU_NASS FLON DATE : ¢.00000E+03 G/S

FUEL-AIR REACTION, FUEL-AIR EQUIVALENCE RATIO : l.SO00 OXYGEN FRACTION IN AIR : 0.2090

NUMBER OF REACTING SPECIESs IS

NUNDER OF INERT SPECTES_ l

0]! INITIAL CONDITIONS vie

TIME O.O0000E÷O0 SEC AREA O.O0000E*O0 50 CM AXIAL POSITION 0.00000E÷00 CM

FLOHPROPERTZES

P_ESSURE 5.50000
(ATM)

VELOCITY 0.00
(OVSEC)

DENSITY 2.S0173E-03
(O/CI4xx3)

TEMPERATURE 800.00
(DEN K)

MASS FLON RATE X.40000E+02
(G/SEC)

ENTROPY 2.8011
(CAL/G,'DEG K)

NACH NUHlJER 0.0000

OAW4A 1.2701

ENTHALIPY 9.23468E+01
(CAL/O)

SP. HEAT (CP) 3.12948E-01
(CAL/G/DEO K)

INTEGRATION INDICATORS

STEPS FROM LAST PRINT 0

AVERAGE STEP SIZE O.O0000E÷O0

METHOD ORDER 0

TOTAL NtJ_ER OF STEPS 0

FUNCT EVALUATIOHS 0

JACODIAN EVALUATIONS 0
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TABLEA.3.--_onfinued.

CHEMICAL PROPERTXES

SPECIES COHCEHTRATION MOLE FRACTION
(MOLES/CMXM$)

0 0.00000E÷00 0.00000E_00
H20 0.00000E+00 0.00000E÷00
ON 0.00000E*00 0.00000E÷00
N 0.00000E÷00 0.00000E÷00
02 1.651¢8E-05 1.97112E-01
H2 0.80000E*00 0.00000E,00
NO2 0.00000E+00 0.00000E+00
H202 0.00000E+00 0.00000E+00
CO 0.00000E_00 0.00000E+00
C02 2.36qDSE-O8 2.8226_E-04
N2 6.15_6E-0S 7.3470¢E-01
NO 0.00000E_00 0.00000E+00
CN 0.00000E400 0.00000E+00
CHZ 0.00000E_00 0.00000E+00
C$H8 4.95445E-06 5.91335E-02
Aft 7.34696E-07 8.76890E-05

MIXTURE MOLECULAR HEIGHT 29.85916

NET SPECIES PRODUCTION REACTION RATE CONST
RATE (MOLE/CMX_S/SEC) NUMBER COS UNITS

3.57038E-26 1 6.5377E+08
0.00000E+00 2 6.2545E÷09
9.11685E-08 3 7.5608E+10
O,O0000E+OO q 1.9113£+13

-4.55842E-08 S 2.6655E÷13
0.00000E÷00 6 8.0000E+12
0.00000E÷00 7 6.8359E+13
0.00000E*00 8 1.1708E÷07
1.86163E-30 9 2.¢813E+12

-1.86163E-30 10 1.8000E+12
-2.385_9E-22 11 7.8000E+11

4.77099E-22 12 5.3163E+Oq
0.00000E+00 13 1.0230E+12
1.36753E-07 14 2.7387E+1S

-4.SSSq2E-08 1S 2.4606E-1_
0.00000E÷00 16 8.87SOE+15

17 1.3075E-12
18 1.2901E-17
19 4.4641E+09
20 7.8718E-23
21 2.2¢95E+11
22 6.7500E+10
23 1.7080E+10
24 2.3_5E-13
25 8.3160E+00
26 8.3000E+11
27 1.2500E+12
28 8.8483E-02
29 1.5071E÷06
30 6.9297E+00
31 3.9081E-14
32 1.5992E*05
33 2.601SE+11
34 2.2495E+11

TOTAL EHERGY EXCHANGE RATE $.39759E-16
(CAL-CI_XS/WexZ/SEC)

NET REACTION CONY RATE NET RATE/POSI-
(HOLE-CHKx$/GxX2/SEC) TIVE DIR RATE

0.00000E+00 0.00000
0.00000E+00 0.00000
0.00000E+00 0.00000
0.00000E÷00 0.00000
0.00000E÷00 0.00000
0.00000E+00 0.00000
0.00000E+00 0.00000
0.00000E÷00 0.00000
0.00000E+00 0.00000
0.00000E*00 0.00000
0.00000E÷00 0.00000
0.00000E+00 0.00000
0.00000E+00 0.00000
0.00000E_00 0.00000
0.00000E+00 0.00000
0.00000E+00 0.00000
0.00000E÷00 0.00000
2.05221E-21 1.00000
0.00000E*00 0.00000
2.97450E-25 1.00000
0.00000E÷00 0.00000
0.00000E+00 0.00000
0.00000E+00 0.00000
3.81152E-17 1.00000
0.00000E+00 0.00000
0.00000E+00 0.00000
0.00000E÷00 0.00000
0.00000E÷00 0.00000
0.00000E÷00 0.00000
7.28541E-05 1.00000
0.00000E+00 0.00000
0.00000E+00 0.00000
0.00000E+00 0.00000
0.00000E+00 0.00000

MASS FRACTION SUM 1.00000000

CPU TIME FOR INITIALIZATION OF LSENS = 0.616667 S

uEQUZLI|RIUH CONDITIONS Ku

TIME 0.00000E÷00 SEC AREA 0.00000E+00 SQ (]4 AXIA_ POSITION 0.00000E÷00 C]4

FLOH PROPERTIES

PRESSURE
(ATM)

VELOCITY
(C_SEC)

DENSITY
(O/CI_K3)

TEMPERATURE
(DEO K)

MASS FLOH RATE
(GJSEC)

ENTROPY
(CAL/G,"DEO K)

MACH NUMBER

OAlgqA

EHTHALPY
(CAL/O)

SP. HEAT (CP)
(CAL/OJDEO R)

5.50000

0.00

7.34828E-0¢

2350.31

1,40000E+02

2.3604

0.O000

1.2641

9.ZS468E÷OI

3.69088E-01

INTEGRATION INDICATORS

STEPS FROM LAST PRINT 0

AVERAGE STEP SIZE 0.00000E+00

METHOD ORDER 0

TOTAL NUMBER OF STEPS 0

FUNCT EVALUATIONS 0

JACOBIAN (VALUATIONS 0

CHEMICAL PROPERTIES

SPECIES

0
HZO
OH
N
02
HZ
H02
HZO2
CO
C02
N2
NO
CN
C_2
CSH8
AR

CONCENTRATION
(I_)LES/Cfli(]_3)

2.17893E-10
4.05534E-06
1.55281E-08
3.72907E-08
2.11927E-10
1.739¢0E-06
$.90703E-13
7.34828E-14
3.1BS78E-06
1.26895E-06
1.80796E-05
2.6A686E-09
7.34828E-14
7.34828E-14
7.3_828E-14
2.15801E-07

MOLE FRACTION

7.64039E-06
1.¢2200E-01
5.37479E-0¢
1.30759E-03
7.43118E-06
6.09920E-02
1.37000E-08
2.57667E-09
1.0883¢E-01
4.44958E-02
6.33959E-01
9.28118E-05
2.57667E-09
2.57667E-09
2.$7667E-09
7,56703E-03

NET SPECIES PRODUCTION REACTION
RATE (MOLE/C]qlx3/SEC) NUM)ER

-2.S0908E-Oq l
8.69456E-03 2

-3.22697E-04 S
2.13187E-07 4
3.89_33E-04 S

-8.55659E-03 6
-1.11365E-07 7

2.33318E-0S 8
8.9¢626E-03 9

-8.9q626E-03 10
-9.51429E-10 11

8.Dq424E-10 12
1.00844E-09 13
6.93S92E-09 14

-2.73757E-09 1S
0.00000E÷00 16

17
18
19
20
21
22
23
2¢
25
26
27
28
29
30

RATE CONST NET REACTION CONY RATE NET RATE/POSZ-
COS UNITS (HOLE-CMNe3/GMx2/SEC) TIVE DIR RATE

1.3329E÷|2 -7.60162E-04 0.00000
S.642_E+12 -2.68460E-05 0.00000
2.2114E_13 -6.59110E-04 0.00000
q.6178E+13 1.q308ZE-06 0.00000
4.0363E+13 7.03729E-09 0.00000
8.0BOOE*IZ 1.2904SE-07 0.00000
1.0656E÷14 2.2¢_99E-06 0.00000
3.7_$5E÷11 1.99S7_E-01 0._2297
4._911E÷12 -6.86707E-03 0.42297
1.8000E*12 2.152S1E-07 0.42297
7.8000E÷11 -2.90148E-03 0.¢2297
8,4_29E.12 -_.$0001E+01 0._Z297
1.2845E÷13 1.94110E-01 0.00000
1.8086E+15 3.6_65_E-06 0.00000
2.1738E*05 -5.10853E-04 0.00000
3.0209E+15 2.93S37E-O6 0.00000
2.6038E_05 -2.10296E-04 0.00000
8.1234E_|S -2.$5297E-10 0.00000
6.7526E+09 8.¢5730E÷00 1.00000
3.DSIOE÷O0 9.28_91E+00 1.00000
2.2102E_11 3.61677E+@2 1.00000
1.5172E+10 3.53653E+0S 1.00000
9.0570E+10 3.70220E÷0S 1.00000
2.5376E+0S 1.8006_E-0S 1.00000
5.8546E+07 7.59605E-0_ 1.00000
8.$000E+11 2._611_E-05 1.00000
1.2S00E+12 4.$0252E-04 1.00000
4.7603E+08 1.17122E-0S 1.00000
1.1999E+07 2.37704E-05 1.00000
1.6939E+08 5.07039E-03 1.00000
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MZXTURE MOLECULAR NEXGHT

TABLE A.3.---Continucd.

25.76666

31 2.7300E-05
52 8.4084E÷05
33 3.5560E+11
54 2.2192E_11

TOTAL ENERGY EXCHAHOE RATE -2.09583E+06
(CAL-C_m3,,'O_m2/SEC)

COMPUTATZONAL NORK REQUXRED FOR EQUZLZBR|UN ¢ALCULATZON:
NO. OF XTERATZONS • 12 CPU TZME : _.999995E-02 S

1.86571E-14 1.00000
2.55717E+02 1.00000
2.13927E+00 1.00000
3.61677E+02 1.00000

MASS FRACTION SUM 1.00000010

(HSR)

(HSR)

ZNZTXAL ESTZMATES (SXGMAS) AT TI54PERATURE •

0 2.06523E-07
H2O 5.51876E-03
OH 2.08595E-09
H 5.07475E-05
OZ 2.88493E-07
H2 2.3670gE-03
NOZ 5.31693E-10
H202 1.00000E-10
CO ¢.22382E-03
C02 1.72687E-03
N2 2.069S8E-02
NO 3.60201E-06
CN 1.00000E-|0
CHZ 1.00900E-10
C3H8 1.09000E-10
AR 2.g3675E-00

2350.31 K,

Ill FOR CONV. NO. 1, CONVERGE]B TEMP. (AFTER 13 ZTERATZONS) ZS GREATER THAN OR EQUAL TO THE PREVXOUS TE)AP. v,J_U
HAS$ FLOH RATE = I.qO000E÷02 G,'S, TEMPERATURE • 2.43751E+03 K, PREVZOUS TEMPERATURE : 2.3S031E+03 K

• _ RESTART, MASS FLOH RATE : 2.80900E*02 G/S, TEMPERATURE : 2.35031E+03 K XX

(HSR)

(HSR)

xsx FOR CONV. NO. 1, CONVERGED TEMP. (AFTER 13 ZTERATZONS) 1S GREATER THAN OR EQUAL TO THE PREVXOUS TEMP.
MASS FLOtl RATE : Z.B0900E÷0Z G/S, TE]MPERATURE • 2.3989SE+03 K, PREVIOUS TEMPERATURE : 2.35031E+93 K

nx RESTART, MASS FLON RATE = 5.60000E÷02 6/S, TENPERATURE • 2.35031E+03 K us

HELLSTZUED REACTOR CALCULATION .... GLOBAL TEST CASE• CHANGE AND ADD GLOBAL AND HOLECULAR REACTZONS CASE 2

ZNZTIAL STATE FTNAL STATE FZNAL/ZNITIAL RATZO

PRESSURE ATN S.SOOO0 5.50000 1.00000
TEMP. DEG K 800.909 2322.08 2.90260
ENTROPY CAL/OM/K 1.80111 2.25758 1.25344
DENSITY GM/CIA_3 2.50173E-03 8.08713E-0_ 0.32326
ERTHALPY CAL/(N4 92.3668 92.3468 1.00000
SP. HEAT (CP) CAL/WVK 3.12968E-01 3.75502E-01 7.19989
NOL. HT. OF MIXT 29.8592 28.0169
OAIqMA 1.2701 1.Z329

SPECZES NOLLE FRACT MASS FRACT 140LE FRACT FIASS FRACT

O 0.00000E÷00 0.00000E+00 6.$7192E-06 3.92430E-06
H20 0.00000E_O0 0.00000E÷00 1.A3809E-01 9.24711E-02
OH 0.00900E÷O0 e.ooe00E+oo _.89021E-03 2.96854E-03
H 0.00900E_00 0.00090E+00 1.11930E-03 4.02605E-05
02 1.97112E-91 2.11236£-01 1.18479E-92 1.35S18E-02
H2 0.00900E÷00 0.00009E_00 5.94161E-03 4.27496E-06
HO2 O.OOO90E+O0 0.00O09E+OO 8.82955E-06 1.04021E-05
14202 0.00000E÷00 0.09990E+00 4.2188SE-07 $.12200E-07
CO 0.00000E÷00 0.00000E÷00 2.3093BE-02 2.29985E-02
C02 2.82264E-00 _.16032E-0_ 8.60366E-02 1.36565E-01
NZ 7.34704E-01 6.89258E001 6.87537E-01 6.87_52E-O1
NO 0.00000E+00 0.00000E409 q.51698E-06 _.83769E-0_
CN O.O0000E+O0 O.O0000E÷O0 5.22026E-03 2.99047E-03
CH2 0.00000E*00 0.00000E÷00 6.69793E-03 5.35335E-93
C3H8 5.91335E-02 8.73286E-02 1.S6206E-OZ 2.65852E-02
AR 8.76890E-93 1.17517E-92 8.Z2787E-03 1.17317E-02

VOLUME 509.990 CMml3 MASS FL9 S60.O00 el4rSEC

MDOT/VOLUNE • 1.12000 RESIDENCE TINE = 9.722 HSEC ITERATIONS • 16

HELLSTIRRED REACTOR CALCULATION .... GLOBAL TEST CASE. CHANOE AND ADD GLOBAL AND MOLECULAR REACTIONS CASE 2

ZNITIAL STATE FINAL STATE FZNAL/INZTZAL RATIO

PRESSURE ATN 3.5099B 5.50000 1.00000
TEMP. DEG K 800.000 1955.97 2.¢_496
ENTROPY CAL/OM/K 1.80111 2.18426 1.21273
DENSITY GPVCI_MS 2.50173E-03 g.7Z001E-@6 0.38853
ENTHALPY CAL/OH 92.5_68 92.3668 1.00000
SP. HEAT (CP) CAL/O_'K 3.12965E001 3.69336E-0! 1.18018
MOL. HiT. OF MIXT 29.0592 28.3646
GAIqAA 1.2701 1.2361
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TABLE A.3.---Cuncluded.

SPECIES MOLE FRACT MASS FRACT MULE FRACT MASS FRACT

0 O.O0000E÷O0 0.000000*00 1.15807E-05 6.419600-0q
H20 0.000000+00 0.00000E+00 L.15775E-@1 7.355110-02
OH O.OOOOOE+O0 O.O000OE÷O0 3.950500-@3 2.360700-03
H O.O0000E÷O0 O.O0000E÷O0 4.24100[-04 1.507090-05
02 1.97112E-01 2.112360-01 4.590550-@Z 5.187730-02
H2 O.O0000E÷OO O.OOOOOE÷O0 1.201090-03 8.53581E-05
H02 O.OOOOOE+O0 O.O0000E÷O0 3.052070-05 3.552500-05
H202 O.O0000E+O0 O.O0000E*O0 2.20101E-06 2.639¢4E-06
C0 0.000000÷00 0.00000E+00 7.415540-03 7.322940-05
COZ 2.8226_E-04 q.160320-04 7.701760-02 1.19q99E-Ol
N2 7.3q7040-01 6.892880~01 6.97275£-01 6.886420-01
NO O.O0000E÷O0 0.000000+00 6.77813E-0_ 7.17039E-04
CH O.O0000E÷OO 0.00000E+00 6.295120-04 5.77242E-04
CH2 O.O0000E+O0 O.OOOOOE÷O0 1.836030-02 9.079_80-03
CSH8 5.91335E-02 0.73286E-02 2.17087E-02 3.307320-02
AR 8.768900°03 1.173170-02 8.329980-03 1.173170-02

VOLUME 500.000 CMix3 MASS FLO 1510.00 OI4/SEC

MOOT/VOLUME : 3.02000 RES]DENC( TIME : 0.322 HSEC ITERATZOHS : 3

CUNV. NO. = 21 NU. ITERATIONS : 3
MASS FLOH PATE • 1..560000÷03 G/S TEMPERATURE : 1.922690+03 K RESIDENCE TIME : 3.175590-0_ S

HELLSTIRRED REACTOR CALCULATION .... GLOBAL TEST CASE, CHANGE AND ADO GLOBAL AND MOLECULAR REACTIONS CASE 2

INITIAL STATE FINAL STATE FIHAL/INZTZAL RATIO

PRESSURE ATM 5.SOOO0 5.50000 1.00000
TEMP. OEU K 800.000 1878.5Z 2.3q815
ENTROPY CAL/GM/K 1.80111 2.16364 1.20128
DENSITY OM/CM_13 2.50173E-03 1.017110-03 0._0656
ENTHALPY CAL/GH 92.3668 92.3468 1.00000
SP. HEAT (CP) CAL/GIq,'K 3.12940E-01 3.670370-01 1.17539
MOL. Hr. OF MIX"[ 29.8592 28.5056
GAWU 1.2701 I.ZS38

SPECIES MOLE FRACT HAS5 FRACT MOLE FRACT MASS FRACT

0
H2O
OH
H
02
H2
HUE
H202
CO
C02
HZ
NO
CH
CH2
CSH8
AR

VOLUME 500.000

MDOTIVOLUME •

llx 75 ITERATIONS DID NOT SATISFY CONVERGENCE

0.00000E÷00
O.O0000E÷O0
0.00000E_00
0.00000E*00
1.97n20-01
O.BO000EtOO
0.00000E+00
O.O0000E÷O0
0.000000÷00
2.8226qE-0_
7.3qTOqE-01
O.OOOOOE÷O0
O.O0000E_O0
O.O0000EtO0
5.913350-02
8.76890E-03

CMY_3 MASS FLO

3.22000 RESIDENCE TIME :

O.O00OOE+OO 1.182400-03 6.636_60-04
0.O00OOE÷OD 1.074090-01 6.788130-02
O.O0000E÷O0 3.479160-03 2.075770-03
0.000000+00 3.123970-04 1.10465E-05
2.112360-01 5.669380-02 6.36_120-02
O.080OOE÷OD _.364890-04 _._86860-05
O.O0000E÷O0 3.3_050-05 3.874590-05
O.O00OOE÷O0 2.937970-06 3.50576E-06
0.00000E+00 5.47125E-03 5.376200-03
4.16032E-04 7.262050-02 1.12119E-01
6.892880-01 7.00907E-01 6.888040-01
O.O0000E_O0 6.48177E-0_ 6.822960-0_
O.O0000E÷O0 3.35¢830-04 3.06203E-04
O.O000OE*O0 1.724620-02 8._86360-03
8.732060-02 2.465160-02 3.813420-02
1.17317E-02 8.371_0E-03 1.173170-02

1610.00 (N4,'SEC

0.316 MSEC ZTERATZUHS =

REQUIREMENTS IN_

P$R SOLUTIOM A|ANDONED
HOOT • 1.66000E÷03 G_'S TEMPERATURE t 1.85638E÷03 K

ITERATION NUMBER, 75 CURRENT TEMPERATURE : 1854.38 K CURRENT MOOT = 1.660000+03 G/S

I NCI) TZ(I)

1 00.167620-02 -0.181790-02
2 0.187810-01 0.7_250-02
3 -0.256670-02 -0.Z901¢E-02
4 0.818320-02 0.815880-02
5 -0.1q5760-01 -0.889450-03
6 -0.101960-01 -0.10227E-01
7 -0.253690-04 -0.294000-04
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REACTION
NUMBED

1
2
3
4
S
6
7
8
9

10
11
12
13
14
15
16
17
10
19
20
Zl
22

H(H2
M(02
H(H2
M(H2

NUMBER

23
24
25
26
27
28
29
30
51
32
33
3¢
SS
36

REACTION
NUMBER

23
24
25
26
27
20
29
30
31
32
33
34
35
36

)lO
1MH
lX0
lXH
110
1MH02
1NH
1MH2
lXOH

lxH
X

lXH2
lXH

N
lxH

H
fl

lxCO

lnHZ
lxO

• 12) :
• 14) •
• 15) :
,.171 :

1.O_OH

TABLE A.4.--COMPUTED RESULTS FOR TEST CASE 3 (PROPANE-AIR PSR PROBLEM OF CASE 2

WITH ADDED MOLECULAR RE.ACTIONS IN MECHANISM)

Cc

IX DATA LINES xx

1 2 3 4 5 6 7 8
1_34_78_1_45678_12$4$678_1_34_678_123456789_1234_6789_1_4S678_01234$6789_

GLOBAL TEST CASE; ADD MOLECULAR REACTIONS TO PNEV. CASE CASE 3
ADD

Jrtyp4 globaln.trtJe.,gronly:.qelse., gledd • .folse., glchng z .false.,
mrprov : .falmo.e mrchng • .f else., mredd:.true., &end

H2 + 02 • OH + OH 1.7E+13 O. 47780.
0 + H202 • OH + HOZ 8.0E+13 O. 1000.
END

- BLANK LINE -
TINE C3H8

APflOB HELSTR•.TRUE.• &END
&HSPROD

DLrLI_D_ 50., DOTIqAX• 1800.,PIPRw2,
VOLUME = SO0., lEND

&s,art t • 800.•p=S.S, mdot• 450.• erltio • !.5, ecc •3.0, mch •8.0, &end
END
FINIS

LB4ZS SENSITIVITY AND GENERAL KINETICS PROGRAH NASA LEDIS RESEARCH CENTER

GLOBAL TEST CASE; ADD MOLECULAR REACTIONS TO PREV. CASE CASE 3

REACTION

+ lXH20 : 2NON
+ lx02 : 1KOH + INO
+ lxH2 • lxOH + lxH
+ lINO2 • lxH2 + lx02
+ 1XMO2 = IxOH ÷ lm02
+ I_OH - lXNZO + IKO2
+ IxH02 = 2XOH
+ lXHO2 - 1xH202 + lmH
+ lXWZO2 • IXH20 ÷ lmHO2

ZxH02 • 1xH202 + 1E02
+ 1_H202 • lxOH + llH20
+ lXN202 : 2mOH
+ lXOH • 1NH20 + llH
+ lx02 = INHO2 + N
+ lXH20 = lift4 + 1NON
+ lxO : INOH + N

liH2 = 2eH1x02 • 2NO
÷ 1MO > lmC02

1NC02 > lXCO ¢ lxO
÷ 1M02 • 2_OH
÷ 1NH20Z = 1NON + lxHOZ

REACTION RATE VARIABLES
A N

6.80000E+13 0.0000
1.89000E+14 0.0000
4.20000E+14 0.0000
7.25000E÷13 0.0000
S.O0000E+13 0.0000
8.00000E+12 0.0000
1.34000E+14 0.0000
7.91000E+13 0.0000
6.10000E+12 0.0000
1.8O00OE+12 0.00o0
7.80000E+11 0.0000
1.44000E+17 0.0000
4.74000E+13 0.0000
1.46000E+15 0.0000
1.30000E÷15 o.oeoo
7.10000E+18 -1.0000
2.20000E+14 0.0000
1.80000E÷18 -1.0000
8.43000E+09 -0.0010
9.08000E÷18 -1.8400
1.70000E+13 0.0000
8.00000E+13 0.0000

ACTIVATION
ENERGY

10_S.00
16400.00
13750.00

2126.00
1000.00

0.00
1070.00

ZSOO0.O0
1430.00

0.00
0.00

45510.00
6098.00

-1000.00
105140.00

0.00
96000.00

118020.00
1000.00

130754.00
47780.00

1000.00

ALL THIRD BOGY RATIOS ARE 1.0 EXCEPT THE FOLLONIMO

2.30000
1.30000
4.00000
4.10000

H(O2
MCN2
NCO2
M(02

, 12) : 0.78000 HCH20 , 12) : 6.00000
• 14) : 1.30000 fl(H20 o 14) : 21.30000
• 15) • 1.SO000 H(H20 , 15) • 20.00000
• 171 = 2.00000 HtH20 , 171 : 15.00000

HCH202
H(H2
HCN2
HCN2

• 12) • 6.60000
• 14) • 3.00000
, 15) : 1.SO000
, 17) : 2.00000

xxx GLO|AL REACTIONS XiN

REACTION

1.0NH20 ÷ 1.010 • 1.0mt2 ¢ 1.0102
1.01CO ÷ 1.0XH20 • l.OUCO2 ¢ 1.OMN2
1.0xC02 + 1.0_H2 • 1.0_C0 + 1.0NH20
1.OxN2 + 1.0_02 • 2.01NO

2.OINO • 1.0XN2 + 1.0N02
1.0MCN + 2.0_0 • 1.0_NO + 1.0_c0
1.0xCN ¢ 1.0_NO • 1.OmCO ÷ 1.0_N2
2.0_CH2 ÷ 1.0_NZ > 2.0meN ¢ 2.0XH2
1.O_CH2 ÷ 1.0_02 • I.O_CO ÷ 1.0_H20
l.OIO2 ÷ 1.0xC3H8 > 5.0_CH2 ¢ 2.0NON
1.0XH2 * 1.0_02 • 2.0=OH
l.OXCSH8 ÷ 2.OXOH • I.O_H2O ÷ 1.0_C3H8
I.O_H2 + 1.0_02 • l.OmHZO ¢ 1.0_0
1.0_H20 + 1.0_0 • 1.O_HZ + 1.0_02

÷ 1.000
+ 1.0_OH

REACTANT EXPONENTS
REXP 1 REXP 2 REXP 3

0.000 1.000 1.000
0.000 1.000 1.000
0.000 1.000 1.000
0.000 1.000 1.000
0.000 0.000 2.000
0.000 1.000 1.000
O.O00 1.000 1.000
0.000 1.000 L.000
0.000 1.000 0.500
0.000 1.600 0.100
0.000 1.000 1.000
0.000 0.150 1.000
1.000 0.000 1.000
0.000 1.000 1.000

XN NEH INPUT DATA GIVEN IN COS UHITS xx xx

REACTION RATE VARIABLES
A N ACTIVATION

ENERGY
4.90000E+10 0.1800 -510.00
1.30000E+05 1.3100 -7000.00
¢.41000E+10 0.1900 3527.00
4.00000E+14 0.0300 100000.00
2.00000E+11 0.0000 38000.00
8.30000E÷11 0.0000 0.00
1.25000E.12 0.0000 0.00
S.00000E+13 0.0000; 54000.00
3.50000E+07 0.0000 5000.00
1.10000E÷12 0.0000 41000.00
I.O0000E+O0 0.0000 ¢9080.00
1.98000E¢06 0.0000 4000.00
9.60000E+11 -0.1000 1013.00
4.00000E+10 0.1800 -SIO.O0

OUTPUT REQUIRED IN CGS UNITS _x
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TABLE A.4.---Continued.

Nil ASSIGNED VARIABLE PROFILE xN

HELL - STIRRED REACTOR CASE

VOLUME OF REACTOR : 5.O0000E÷OZ CHXX3
MASS FLOH RATE TO START ITERATION = 4.50000E÷02 O/S

ASSIGNED MASS FLON RATE PROBLEMJ MASS FLUM RATE IHCREMENT = S.O0000E+01 C,/S
MAXIMUM MASS FLOH RATE : 1.80@00E+03 G/S

TIME

FUEL-AIR REACTION, FUEL-AIR EQUIVALENCE RATIO : 1.5000 OXYGEN FRACTION IN AIR : 0.2095

NUMBER OF REACTING SPECIES: 15

NUMBER OF INERT SPECIES, 1

IX INITIAL CONDITIONS n

O.00000E+O0 SEC AREA O.00000E+O0 SO CM AXIAL POSITIOH

FLON PROPERTIES

PRESSURE 5.50000
(ATM)

VELOCITY O.O0
(CN/SEC)

DENSITY 2.50173E-03
(G,,'CI4xx3)

TEMPERATURE &OO.OO
(DEG K)

MASS FLOH UTE 4.50000E÷O2
(G/SEC)

ENTROPY 1.8011
(CAL/G/DEG K)

MACH NUMBER 0.0005

GMg4A 1.2701

ENTHALPY 9.23¢6BE+01
(CALIG)

SP. HEAT (CP) 3.129_8E-01
(CAL/G,'DEG K)

O.OO000E÷O0 CM

SPECIES CONCENTRATION MOLE FRACTION
(NOLES/CMX_3)

O O.O00OOE÷O0 O.OOOOOE+O0
HIO O.O0000E÷O0 O.OOOOOE+O0
OH O.O000OE÷O0 O.O00OOE÷O0
H O.O00OOE+O0 0.00000E+00
02 1.65148E-05 1.97112E-01
H2 O.O0000E+OO O.OO000E÷OO
H02 O.00000E+O0 O.O00OOE+O0
H202 0.00000E+00 O.OOOOGE*00
CO O.O0000E+O0 O.O000@EtOO
CO2 2.3_495E-08 2.BZZ64E-04
N2 6.15566E-05 7.3_70_E-01
NO O.OOOOOE÷O0 O.OOOOOE+O0
CN O.O000OE÷@O O.OOOOOE+OO
CH2 O.00000E+O0 O.O00OOE÷O0
CSHB ¢.95445E-06 $.91335E-02
AR 7.34696E-07 8.76890E-03

INTEGRATION INDICATORS

STEPS FROM LAST PRINT 0

AVERAGE STEP SIZE O.O0000E+O0

METHOD ORDER 0

TOTAL NUMBER OF STEPS 0

FUNCT EVALUATIONS 0

JACODIAN EVALUATIONS 0

MIXTURE MOLECULAR HEIGHT 29.85916

CHEMICAL PROPERTIES

NET SPECIES PRODUCTION REACTION RATE COHST
RATE (IqOLE/CIqN_3/SEC) NUMBER COS UNITS

3.57038E-26 1 6.5377E+08
O.OBOOOE+00 2 6.25_5E+09
9.11685E-08 3 7.560BE÷10
O.O00OOE+O0 4 1.9113E÷13

•-_.558_2E-08 5 2.6655E÷13
O.O0000E+O0 6 8.O000Et12
0.@0000E÷0@ 7 6.8359E÷13
O.O0000E+O0 B 1.1708E÷07
1.86163E-30 9 2.4813E÷12

-1.86163E-30 lO 1.8000E+12
-2.365_DE-22 11 7.8000E+11

q.77099E-22 IZ 5.3165E+Oq
O.OOOOOE+O0 1S 1.0230E÷12
1.36753E-07 14 2.7387E+15

-4.55842E-08 15 2.4606E-lq
O.OOOOOE÷00 16 8.8750E+25

17 1.3075E-12
18 1.2901E-17
19 4.4641E÷09
20 7.8718E-25
21 1.SO51E÷O0
22 4.2648E÷13
23 2.2495E_11
26 6.7500E÷10
25 1.7080E÷10
24 2.3¢65E-13
27 8.$160E÷00
28 B.SOOOE+11
29 1.2500E+12
30 8.8483E-OZ
31 1.5071E+06
32 _.9297E+00
33 3.9081E-14
34 1.5992E_OS
35 2.6OlSE÷II
36 2.Iqg5E÷11

TOTAL ENERGY EXCHANGE RATE 3.39759E-16
(CAL-CM_M_/GKNI/SEC)

NET REACTION CONV RATE NET RATE/POSI-
(NOLE-CI4',_3/G_2/SEC) TIVE DIR RATE

O.O0000E÷O0 0.00000
O.O0000E÷O0 O.OOOO0
O.O0000E*O0 0.00000
0.00000E+00 0.00000
O.O0000E+O0 0.00000
O.O0000E÷O0 0.00000
O.O0000E÷O0 0.00000
O.O0000E*O0 0.00000
O.O000OE÷O0 0.00000
O.O0000E+O0 0.00000
O.O0000E+O0 0.00000
O.OO000E÷O0 0.00000
O.O0000E÷O0 0.00000
O.OO000E÷O0 0.00000
O.OOO00E+O0 0.00000
O.O0000E+O0 0.00000
O.O0000E+O0 O.OOOO0
2.85221E-21 l. O00OO
O.O0000E+OO 0.00000
2.97450E-25 1.00000
O.OO000E+OO 0.00000
O.OO000E+O0 0.00000
O.O0000E+O0 0.00000
O.OOOOOE÷O0 0.00000
O.O0000E+O0 0.00000
$.81152E-17 1.00000
O.OOOOOE÷O0 0.00000
O.O0000E+O0 0.00000
O.OOOOOE÷OO 0.00000
O.O0000E+00 0.00000
0.00000E_00 0.00000
7.28341E-03 1.00000
O.O000DE+OO 0.00000
O.OO000E_O0 0.00000
O.O000OE÷00 0.@0000
0.00000E+00 0.0o000

MASS FRACTION SUM 1.00000000
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TABLE A.4.---Continued.

CPU TIME FOR INITIALIZATION OF LSEN$ s 0.Z16667 S

KXEgUILIBRIUM CONDITIONS ix

TIME O.O0000E+O0 SEC ARU O.O0000E+O0 SQ C_ AXIAL POSITION O.O0000E+O0 (_4

FLOH PROPERTIES

PRESSURE
(ATM)

VELOCITY
(CIVSEC)

DENSITY
(O/ClaMS)

TEMPERATURE
(DEG K)

MASS FLOH RATE
(O/SEC)

ENTROPY
(CAL/G/DEG K)

MACH NUMBER

GAMMA

ENTItALPY
(CAL/G)

SP. NEAT (CP)
(CAL/O/DEG K)

5.50800

0.00

7.34828E-04

23S0.31

4.5000|E+02

2.S604

0.0000

1.2641

9.Z3468E÷OI

3,69088E-01

INTEGRATION INDICATORS

STEPS FRON LAST PRINT 0

AVERAGE STEP SIZE O.O000OE+O0

METHOD ORDER 9

TOTAL NUNOER OF STEPS 0

FUNCT EVALUATIONS 0

JACOBIAN EVALUATIONS 0

CHEMICAL PROPERTIES

SPECIES CONCENTRATION MOLE FRACTION
(MOLE_CMii3)

0 2.17893E-10 7.64039E-06
H20 4.05534E-06 1.42200E-01
OH 1.53281E-08 5.37479E-04
H 3.72907E-08 1.30759E-03
02 2.11927E-10 7.qSl18E-06
H2 1.73940E-06 6.09920E-02
H02 3.90703E-13 1.$7000E-08
H202 7.34828E-14 E.S7667E-09
CO 3.)0378E-06 1.08834E-01
_02 1.26895E-06 4.44958E-02
N2 1.80796E-05 6.3S959E-01
NO 2.64686E-09 9.28118E-05
CN 7.34828E-lq 2.57667E-09
CH2 7.34828E-14 2.$7667E-09
CSH6 7.34828E-14 2.$7667E-09
AR 2.15801E-07 7.56705E-03

MIXTURE MOLECULAR HEIGHT 25.76666

NET SPECIES PRODUCTION REACTION RATE CONST
RATE (MOLE/C_JLS/SEC) NUMBER COS UNITS

-2.50907E-04 I 1.3329E+12
8.69qS6E-03 2 S.6424E+12

-3.22698E-04 3 2.211AEGIS
2.13187E-07 _ 4.6178E*13
3.89433E-04 S 4.0365E+13

-8.55659E-03 6 8.0000E+IZ
-1.12123E-07 7 1.06S6E+14

2.33325E-03 8 3.7453E+11
8.9_626E-03 9 4.4911E*12

-8.9_26E-03 10 Z.&OOOE*12
-9.S1429E-10 11 7.8000E*11

8.94424E-10 12 8.4429Ee12
1.00844E-09 13 1.2845E+13
6.93592E-09 14 1.8086Ee15

-2.73787E-09 1S 2.1738E_0S
O.O0000E_O0 16 3.0209Ee15

17 2.6038E_|5
18 S.1234E_03
19 6.7526E*09
20 3.9510E+00
21 6.1305E÷08
22 6.4581E+13
Z3 2.2102E+11
24 1.5172E+10
ZS 9.0570E+10
26 2.5576E*05
27 5.8546E÷07
28 8.3000E_11
29 1.2500E+12
30 4.7603E408
31 1.1999E_07
32 1.6939E*08
33 2.7300E-05
34 8.4084Et03
35 3.5560Eell
3d; 2.2102E÷11

TOTAL ENERGY EXCHANGE RATE -2.09583E+06
(CAL-CMmtS/GJUl2/SEC)

NET REACTION CONV RATE NET RATE/POSI-
(NULE--CNNIS/ONNZ/SEC) TIVE DIR RATE

-7.60162E-04 0.00000
-2.68460E-0S O.O|OEO
-6.59110E-04 0.00000

1._3082E006 0.00000
7.03729E°09 0.00000
1.29043E-07 0.00000
2.24499E-06 0.00000
1.99374E-01 0.42297

-6.86707E-03 0.q2297
2.15231E-07 0.42297

-2.90148E-05 0.q2297
-4.30001E+01 0.42297

1.94110E-01 0.00000
3.6668qE-06 0.00000

-5.10833E004 0.00000
2.9335TE-06 0.00000

-2.10296E-04 0.00000
-2.35297E-10 O.O0000

8.45730E*0| 1.00000
9.28491E_00 1.00000

-1.53826E-07 O.OOO00
-1.40369E-03 0.42297

3.61677E+02 1.00000
3.53453E+05 1.00000
$.70220E÷05 1.00000
1.8006_E-03 1.00000
7.59605E-04 1.00000
2.46114E-05 1.00000
4.S0252E-04 1.00000
1.17122E-03 1.00000
2.37704E-05 1.00000
5.07039E-03 1.00000
1.86371E-14 1.00000
2.55717E+02 1.00000
2.13927E+00 1.00000
3.61677E+02 1.00000

MASS FRACTION SUM 1.00000010

COMPUTATIONAL MORK REQUIRED FOR EQUILIBRIUM CALCULATIONs
NO. OF ITFJtATZONS = 12 CPU TIME z 3.533378E-02 S

INITIAL ESTIMATES (SIGMAS) AT TEMPERATURE •

0 2.96525E-07
H2O 5.51876E-03
OH 2.08595E-05
H 5.07475E-05
OZ 2.88403E-07
H2 2.36709E-03
HO2 5.31693E-10
H202 1.00OOOE-IO
CO 4.22382E-03
C02 1.72687E-03
N2 2.46038E-02
NO 3.60201E-06
CN 1.00000E-IO
CH2 1.00000E-IO
C3H$ 1.00000E-IO
AN 2.9367SE-0_

2350.31 Ks
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(HSR)

TABLE A.4.--Continued.

MMi FOR COHV. NO. 1, CONVERGED TEMP. (AFTER 14 ITERATIONS) 10 GREATER THAN OR EQUAL TO THE PREVIOUS TEMP. mll
MASS FLOH RATE = 4.50000E+02 G/S, TEMPERATURE : 2.35274E÷03 K, PREVIOUS TEMPERATURE : 2.3SOSIE+OS K

Ix RESTART, MASS FLOH RATE : 9.00000E+02 G/S, TEMPERATURE = 2.35031E+03 K ix

NELLSTZRRED REACTOR CALCULATION .... GLOBAL TEST CASE; ADD MOLECULAR REACTIONS TO PREV. CASE CASE $

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM S.SOO00 S.SO000 1.00000
TEMP. DEG K 800.000 2217.39 2.77173
ENTROPY CAL/GIVK 1.80111 2.23959 1.2¢345
DENSITY OM/CHIW3 2.50173E-03 0.49004E-04 0.33937
ENTHALPY CAL/GM 92.3468 92.3468 1.00000
SP. HEAT (CP) CAL/GIIqrK 3.12948E-01 3.73920E-01 1.19483
MOL. IT. OF MIXT 29.8592 28.0866
GAMMA 1.2701 1.2334

SPECIES MOLE FRACT MASS FRACT HOLE FRACT MASS FRACT

0 0.00000E*00 0.00000E+00 8.92493E-04 5.08405E-04
HI0 0.00000E+00 0.00000E+00 1.37250E-01 8.80343E-02
OH 0.oogooEtog 0.00000E+00 5.01543E-05 3.03700E-03
H 0.00000E÷00 0.00000E+00 9.33721E-04 3.35094E-00
02 1.97112E-01 2.nZ36E-01 1.93856E-02 2.20850E-02
H2 0.00000E+00 O.00000E÷O0 4.09560E-03 2.93945E-04
HO2 0.00000E*00 O.O0000E÷O0 1.48547E-05 1.74334E-05
H202 O.O0000E÷O0 0.00000E+00 7.46535E-07 9.03859E-07
CO O.00000E+O0 0.00000E+00 1.70515E-02 1.70052E-02
C02 2.8226_E-04 4.16032E-04 8.58796E-02 1.34568E-01
H2 7.34704E-01 6.89288E-01 6.89512E-01 6.07716E-01
NO 0.00000E_00 O.O0000E÷O0 5.80529E-04 6.20204E-04
CN O.00000E*O0 0.00000E*00 2.57135E-03 2.38194E-00
CH2 0.00000E_00 0.00000E+00 1.20367E-02 6.01129E-00
CSH8 5.91355E-02 8.73286E-02 1.65310E-02 2.59551E-02
AR 0.76890E-03 1.17317E-02 8.24034E-03 1.17317E-02

VOLUME 500.000 CHINS MASS FLO 900.000 OI_SEC

MDOT/VOLUME s 1.00000 RESIDENCE TIME • 0.472 HSEC ITERATIONS s 13

MELLST|RRED REACTOR CALCULATION .... OLO|AL TEST CASEJ ADD MOLECULAR REACTIONS TO PREV. CASE CASE S

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM 5.50000 S.SO000 1.00000
TEMP. DEO K 000.000 1991.29 2.48912
ENTROPY CAL/GM/K 1.80111 2.19207 1.21751
DENSITY (N4/CMxl3 2.50173E-03 9.52978E-0_ 0.38093
ENTHALPT CAL/OIq 92.3_68 92.3460 1.00000
SP. HEAT (CP) CAL/O_K 3.129_8E-01 5.69995E-01 1.18229
MOL. HT. OF MZXT 29.0592 28.3117
GAMMA 1.2701 1.2341

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

O 0.00000E+00 0.00000E÷00 1.10597E-03 6.25001E-04
H20 0.00000E+00 O.O0000E+O0 1.19266E-01 7.58900E-02
OH O.O0000E+O0 O.O0000E+00 4.13083E-05 2.48146E-05
H 0.00000E+00 0.00000E_00 4.74056E-04 1.69061E-05
02 1.97112Eo01 2.11256E-01 4.1561_E-02 4.697qOE-O2
H2 0.00000E+00 O.O0000E÷00 1._7633E-03 1.05115E-0_
H02 0.00000E+00 0.00000E+00 2.92002E-05 $._0426E-05
H202 0.00000E+00 0.00000E÷00 1.85824E-06 2.23256E-06
CO 0.00000E+00 0.00000E_00 8.30454E-03 8.21617E-05
C02 2.82264E-04 4.16032E-04 7.88501E-02 1.22539E-01
N2 7.3_704E-01 6.89288E-01 6.95879E-01 6.88048E-01
NO O.O0000E+00 0.00000E+00 6.70110E-0_ 7.15515E-0_
CN O.O0000E+O0 0.00000E+00 8.20074E-04 7.53627E-04
CH2 0.00000E+00 0.00000E+00 1.84359E-02 9.13591E-05
C3Ha S.91335E-02 8.73286E-02 2.06945E-02 3.22322E-02
AR 8.76890E-05 1.17317E-02 8.31_4E-03 1.17317E-O2

VOLUME 500.000 CMil3 MASS FLO 1_50.00 GM/SEC

MDOTIVOLUI4E = 2.90000 RESIDENCE TIME = 0.320 MSEC ITERATIONS • S

COHV..MO. : 15 NO. ITERATIONS : 3
MASS FLDM RATE = 1.50000E÷03 O/S TEMPERATURE = 1.96365E_03 K RESIDENCE TIME : 3.22616E-04 S

HELLSTZRREO REACTOR CALCULATION .... OLOBAL TEST CASE; ADO MOLECULAR REACTIONS TO PREV. CASE CASE 3

INITIAL STATE FINAL STATE FIHAL/ZNITTAL RATIO

PRESSURE ATM 5.50000 S.SOO00 1.00000
TEMP. DEG K 000.000 1952.21 2.41526
ENTROPY CAL/OH/K 1.80111 2.17798 1.20924
DEHSITY GM/CI_x3 2.50173E-03 9.85460E-0_ 0.39391
EHTHALPY CAL/GM 92.3448 92.3468 1.00000
SP. HEAT (CF) CAL/OM/K 3.12948E-01 3.68893E-01 1.17877
HO_. HT. OF MZXT 29.0592 28.4080
GAHHA 1.2701 1.2340
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TABLE A.4.---Conciudcd.

SPI_ClrES HOLE FRACT HASS FRACT HOLE FRACT MASS FRACT

0 O.O0000E+O0 O.OOOOOE+O0
H20 O.O0000E÷O0 O.OOOOOE_O0
OH O.O0000E+O0 O.OOOOOE+O0
H O.O0000E÷OO O.O0000E+O0
02 1.97112E001 2.11236E-01
H2 O.O0000E÷O0 O.OOOOOE_O0
H02 @.00000E_00 0.O0OOOE_00
H202 0.000O0E400 0.00000E*00
CO 0.000O0E_00 O.00000E÷00
C02 2.82264E-0_ 4.16032E-0_
N2 7.3_704E-01 6.89288E-01
N0 0.00000E+00 0.00000E400
CN 0.00000E+00 0.00000E*0O
CH2 0.00000E÷00 O.000OSE+00
C3H8 5.91335E-02 8.73286E-02
AN 8.76890E-03 1.17317E-02

VOLUI4E 500.000 C:MJ_3 HASS FLO 1550.00 GI4/SEC

14DOT/VOLUHE • 3.10000 RESXDENCE TZNE • 0.328 NSEC

1.14023E-03
1.13272E-01
3.78670E-03
3.78700E-Oq
_.glSg0E-02
9.93964E-O_
3.Z$S18E-O5
2.28914E-06
6.65623E-03
7.58156[-02
6.98598(-01
6.66088E00_
5.Z9¢66E-0_
1.81714E-02
Z.Z6247E-02
8.3_272E-03

ITERATZONS •

6.42178E-0_
7.1832gE-02
2.26702E-03
1.34370E-05
5.54067E-02
7.05307E-05
3.75890E-05
2.74093E-06
6.56308E-03
1.17q54E-01
6.88698E-01
7.03560E-0_
_.84917E-04
8,97238E-03
3.51192E-02
1.17317E-02

3

CONV., NO. • 15 NO. ZTEflATZONS • 4
HASS FLON RATE u 1.60000E_03 G/S TE]flPI_TUR[ • 2.89288E*03 K

lXM 75 ZTERATIONS DID NOT SATZSI_ CONVERGENCE REQUIfllgqENTS xl'x
MDOT s 1.65000E÷03 G/S TENPERATURE =

PSR SOLUTZON ABANDONED

3.15163E-0_ S

1TERATION NUIM)ER, 75 CURRENT TEYIPERATUAE • 1817.54 K CURRENT HDOT z

I N(Z) TZ(Z)

l -0.341271E-02 -0.37634E-02

|.65000E÷03 G/S
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TABLE A.5.----.COMPUTED RESULTS FOR TEST CASE 4 (PROPANE-HYDROGEN-AIR,

CONSTANT-VOLUME COMBUSTION WITH MECHANISM OF CASE 3)

NM DATA LINES Ix

1 2 3 4 5 6 7 8
CC _2_456789_23_567_23_67_123_6789_3_567_9O_2_q56789_234567_9_23_567_90

GLOBAL TEST CASE; INTEGRATION CASE NITH PREVIOUS MECHANISM; CASE 4
REPEAT

&rtypo globol:.truo.• mrprev = .false.• &end
TIME C3H0

Aprob Photon : .true.• print = 1.o-6• 2.00-6• 3.0e-6• 3.50-6, _.00-6•
S.o-6, welstr = .false.• &end

&start t= 1600.• p15.5• &end
H2 .0573205
N2 .720502
C02 .0002768
02 .193301
C3H8 .02
AR .0085997
END

&solver eaax = 1.e-6,
FINIS

etolsp = 1.e-15, &end

LEHIS SENSITIVITY AND GENERAL KINETICS PROGRAM NASA LENXS RESEARCH CENTER

GLOBAL TEST CASE; INTEGRATION CASE HITH PREVIOUS MECHANISM; CASE

REACTION REACTION
NUMBER

1 lXO + IXH20 : 2_0H
2 lxH * 1N02 : lXOH + lEO
3 lXO * IIH2 : I_OH + I_H
4 I_H * llH02 = 1_H2 t 1xO2

5 l_O * lUH02 = IxOH _ 1_02
6 1_H02 • lxOH = 1_H20 - 1102
7 lXH + lXH02 u 2KOH
B 1_H2 + INH02 : lxHZO2 • lxH
9 lxOH • lXH202 : X_HZO • 1_H02

10 2XHO2 : 1_H202 * 1602
11 lXH + 1_H202 lrON÷ IXH20
12 M + 1XH202 = 2EOH
13 l_H2 + I_OH 1EH20 * I_H
14 lXH ÷ 1x02 : 11H02 + H
15 M + 1NH20 1EH + I_OH
16 1EH • IMO z 1EOH ÷ M
17 N + INH2 = 2KH
18 M + 1102 : 2_0
19 I_JCO ÷ 1_0 > lXCO2
20 IICO2 • llCO + l_O
21 1_H2 ÷ 1_02 : 2xOH
22 l_O ÷ 1_N202 : I_OH + I_HO2

REACTION RATE VARIABLES
A N

6.80000E+13 0.0000
1.89000E+14 0.0000
4.20000E÷14 0.0000
7.28000E+13 0.0000
5.00000E+13 0.0000
B.O0000E+12 0.0000
1.36000E+14 0.0000
7.91000E+13 0.0000
6.10000E+12 0.0000
1.80000E+12 0.0000
7.80000E÷11 0.0000
1.46000E÷17 0.0000
4.74000E+13 0.0000
1.66000E+15 0.0000
1.30000E+15 0.0000
7.10000E÷18 -1.0000
2.20000E÷14 0.0000
1.00000E÷18 -1.0000
8._3000E+D9 -0.0010
9.08000E+18 -1.8400
1.70000E+13 0.0000
8.00000E+13 0.0000

ACTIVATION
ENERGY

18365.00
16600.00
13750.00

2126.00
1000.00

0.00
1070.00

25000.00
1430.00

0.00
0.00

45510.00
6098.00

-1000.00
1051_0.00

0.00
96000.00

110020.00
1000.00

130754.00
_7780.00
1000.00

ALL THIRD BODY RATIOS ARE 1.0 EXCEPT THE FOLLOHTNG

MCH2 , 12) : 2.30000 HE02 , 12) : 0.78000 M(H2O , 12) : 6.00000
ME02 , 14) : 1.30000 MEN2 , 14) : 1.30000 N(H20 , 161 : 21.30000
NCH2 , 151 : q.00000 M(02 , IS) : 1.50000 _(H2O , 15) : 20.00000
MCH2 . , 171 : 4.10000 ME02 • 171 : 2.00000 M(HZQ , 171 = 15.00000

M(H202
HCH2
MCN2
MCN2

• 121 : 6.60000
• 16) = 3.00000
• 1S) : 1.50000
• 171 = 2.00000

_ GLOBAL REACTIONS NN_

NUMBER REACTION

23 I.OSH20 ÷ l.O_O • l. OSH2 ÷ 1.0,02
24 1.O_CO + I.O_H2O • 1.0_C02 ÷ l.O_N2
25 l.OxC02 * 1.OXH2 • I.O_CO ÷ I.O_HZO
26 I.O_N2 + 1.0_02 • 2.0_NO
27 2.0_N0 • 1.O_N2 ÷ 1.OaO2
28 I.O_CN + 2.0uO • 1.0_HO + I.O_CO
29 I.O_CN + 1.0XNO • 1.0_C0 * 1.O_NZ
30 2.0_CH2 + 1.0_H2 • 2.0SCH + 2.0_H2
31 1.0_2 + 1.0x02 • 1.O_CD • 1.0_NZO

32 1.0_02 + 1.OXC3H8 > 3.0W_42 + 2.0_OH
33 1.O_H2 + 1.0_02 > 2.0_OH
3_ 1.0_C3H8 + 2.O_OH > I.O_HZO + 1.0_C3H8
35 1.0_OH • 1.0XH2 ÷ 1.0_02 > 1.0_H20 + 1.0_0
36 I.O_HZO + 1.OXO • I.O_H2 + 1.0_02

REACTIOH REACTANT EXPONENTS
NUMBER REXP 1 RE3(P 2 R[XP 3

23 0.000 1.000 1.000
2q 0.000 1.000 1.000
25 0.000 1.000 1.000
26 0.000 1.000 1.000
27 0.000 0.000 2.000
20 O.OOO 1.000 1.000
29 0.000 1.000 1.000
30 0.000 1.000 1.000
31 0.000 1.000 0.500
32 0.000 1.600 0.100
33 0.000 1.000 1.000
3_ 0.000 0.150 1.000
35 1.000 0.000 1.000
36 0.000 1.000 1.000

+ 1.0_0
+ 1.0_OH

REACTIOH RATE VARIABLES
A

_.90000E+10
1.30000E+05
6.41000E+10
4.00000E*lq
2.00000E+11
8.30000E+11
1.25000E÷12
5.00000E*13
3.50000E÷07
1.10000E÷12
1.O0000E+O0
1.98000E÷06
9.60000E÷11
4.90000E÷10

N

0.1800
1.3100
0.1900
0.0300
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.1000
0.1800

ACTIVATIOH
ENERGY

-510.00
-7000.00

3527.00
100000.00

38000.00
0.00
0.00

54000.00
5000.00

_1000.00
49000.00

4000.00
1013.00
-510.00
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TABLE A.5.--Continued.

ER ME34 INPUT DATA OIVEN ZN COS UNITS ]IX ]Iw OUTPUT REQUIRED IN COS UNITS xx

INTEGRATION METHOD (MF);

]Ix ASSIGNED VARIABLE PROFILE xx

THIS IS A CONSTANT DENSITY PROBLEM - AN ASSIGNED VARIABLE IS NOT REQUIRED

NUMBER OF REACTING SPECIES, 15

NUMBER OF INERT SPECIES, 1

NUMBER OF SPECIES ODE'S REQUIRED FOR THIS CASE, 15

TOTAL NUMBER OF ODEtS REQUIRED FOR THIS CASEz 16

INTEGRATION CONTROLS

2) MAXIMUM RELATIVE ERRORz 1.00OBOE-06

MAXIMUM NUMBER OF STEPS ALLOHED FOR THE COMPLETE PROBLEM:

SPECIES ABSOLUTE ERROR_

2000

1.00000E-15

SPECIES

O
N20
OH
H
02
HE
HO2
H20Z
CO
COZ
N2
NO
CN
CHZ
CSH8
AR

TIME O.00000E*|O SEC

FLOH pROPERTIES

PRESSURE
(ATM)

VELOCITY
(CM/SF_)

DENSITY
(G/CMU3)

TEMPERATURE
(DEG K)

MASS FLOI4 RATE
(U_SEC)

ENTROPY
(CALIS/DEO K)

MACH NUMBER

OAmA

FRTHALPY
(CAL/G)

SP. NEAT (CP)
(CAL/G/DEG K)

CONCENTRATION
(IqOLES/CMxX3)

O,O00OOE*O0
O.OOOOOE400
O.|OOOOE÷OO
O.O0000E+O0
8.09779E-06
2.qO128E-06

.O.OOOOOE+OB
O.O0000E+O0
O.O0000E+OO
L.15957E-O8
3.01834E-05
O.OOOOOE+O0
O.000O0E+BO
O.OOOOOE+OO
8.378_ZE-07
3.60260E-07

MOLE FRACTION

O.O00OOE+O0
O.0OOOOE_00
O.O0000E*O0
O.OOO00E÷O0
1.93301E-01
S.73205E-02
O.OOO00E+00
O.O0000E+OO
O.O0000E_O0
Z.768OOEoO_
7.20502E-01
O.OOOOOE*OO
O.O0000E÷O0
O.O00OOE÷O0
2.00OOOE-02
8.59970E-03

]Ix OUTPUT REQUIRED AT FOLLOMINO 6 PRINT STATIONS xx

STATION TIME (SEC)

1 1.OOOOOE-O6
2 Z.OOOOOE-O6
3 3.OOOOOE-06

3.SOOOOE-06
S 4.00000E-06
4 5.00000E-06
iN INITIAL CONDITIONS ]i]I

AREA O.O00OOE÷O0 SQ CM AXIAL POSITION O.O0000E+O0 (]q

S.SO000

O.OO

1.1613SE-OS

1600.00

O.OOOOOE*O0

2.0791

O.OOO0

1.2740

3.72713E+02

3.33274E-01

INTEGRATION INDICATORS

STEPS FROM LAST PRINT 0

AVERAGE STEP SIZE O.O0000E+OO

METHOD ORDER 0

TOTAL NUMBER OF STEPS 0

FUNCT EVALUATIONS O

JACOSIAH EVALUATIONS O

CHEMICAL PROPERTIES

NET SPECIES PRORUCTZOU REACTION
RATE (HOLE/CMX]IS/SEC)

-9.83591E-0S
L.54676E-03
9.9194ZE-03
1.31087E-04

-q.99243E-03
-1.776Z|E-O$

1.31080E-04
O.OO000E÷O0
1.64512E-03

-I.64SIZE-03
-2.67274E-09

5.345_7E-09
0.00000E+00
1.4S8_IE-OZ

-_.86135E-03
O.O00OOE+O0

HUMMER
1
Z
S
4
5
6
7
8
9

10
11
IZ
IS
14
lS
16
17
18
19
20
21
22
23
24
25

RATE CONST NET REACTION CONV RATE NET RATFJPOSI-
COS UNITS (NOLE-CMlXS/O]IX2/SEC) TIVE DIR RATE

2.108SE÷11 O.OOOOOE÷O0 0.00000
1.087ZE+IZ O.OOOOOE÷O0 O.O000O
5.560ZE*I2 O.O0000E_O0 O.OOOO0
3.730ZE+13 -9.71879E+OI L.O000O
3.6507E÷13 O.0OOOOE+O0 0.00000
B.OOOOE_12 O.O000OE÷OO O.O00OO
9.570BE+13 O.O0000E_OO O.O00OO
5.043ZE+10 O.O0000E+O0 0.00000
3.8905E+12 O.O0000E÷O0 0.00000
1.80BOE+IZ O.O000OE÷O0 O.OOOO0
7.8000E+11 O.O000OE+O0 O.O000O
B.7496E÷IO O.O0000E÷OO O.O000O
6.g63SE_12 O.O0000E+O0 0.00000
1.9996E+15 O.OO00OE÷00 O.OOOOO
S.BSSBE÷O0 o.oeoooE,eo o.ooooo
4.4375E+15 O.OO000E+OO O.O00Oo
1.6960E+01 Z.S457ZE-O$ 1.00000
8.S187E-OZ Z.I4Z6qE-OS l.O00OO
6.1098E+09 O.O0000E+O0 O.O000O
1,5935E-05 1.36999E-07 1.00000
5.0583E+06 7.29275E+01 1.00000
5.B_lIE÷13 O.O0000E+O0 0.00000
2.1707E+)1 O.OOO00E+OO O.O000O
1.BSI4E÷)O O,O0000E+O0 O.OOO00
S.908ZE÷IO 1.21976E+05 l.O00OO
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DERZVATZVES (CGS UNETS)z T

MIXTURE MOLECULAR HEIGHT

TABLE A.5.---Continued.

-5.04396E+06 RH0

27.72230 TOTAL ENERGY EXCHANGE RATE
(CAL-CHK_,/G_U2/SEC)

26 1.0935E+01 1.98168E-03 1.00000
27 1.2097E*06 O.@O000E+O0 0.00000
20 8.SO00E*I1 O.O0000E*O0 0.00000
29 1.2500E.12 O.O0000E*O0 0.00000
30 2.1034E*06 O.O0000E*O0 0.00000
31 7.2627E+06 O.O0000E+O0 0.00000
32 2.7609E+06 3.60441E+03 1.00000
33 1.9769E-07 2.05017E-12 1.00000
34 5.6272E÷05 O.O0000E+O0 0.00000
35 3.5300E+11 O.O0000E*O0 0.00000
36 2.1707E+11 O.O0000E÷O0 0.00000

O.O0000E÷O0

5.11257E+06 MASS FRACTION SUN 1.00000000

CPU TIME FOR INITIALIZATIOH OF LSEHS = 0.833333 S
TIME 1.00000E-06 SEC AREA O.O0000E+O0 Sg CM AXIAL POSITION

FLOH PROPERTIES

PRESSURE 5.58525
(ATN)

VELOCITY 0.00
(CH/SEC)

DENSITY 2.16135E-03
(8/CHlxS)

TEHPERATURE 1627.92
(DEG K)

MASS FLOH RATE O.O0000E+O0
(G/SEC)

ENTROPY 2.0928
(CAL/6/DEG K)

MACH HUMBER 0.0000

GAIIMA 1.2726

ENTHALPY S.74qgoE+o2
(CAL/G)

SP. HEAT (CP) 3.33980E-01
(CAL/O/DEG K)

INTEGRATION INDICATORS

STEPS FROM LAST PRINT

AVERAGE STEP SIZE

METHOD ORDER

TOTAL NWNBER OF STEPS

FUNCT EVALUATIONS

JACOBZAN EVALUATIONS

CHEMICAL PROPERTIES

,PECIES CONCENTRATION MOLE FRACTION NET SPECIES PRODUCTION
(MOLES/CH_S) RATE (MOLE/CMXxS/SEC)

0 3.19217E-07 7.63461E-03 1.53419E÷00
h20 0.9020_E-07 2.1_SqOE-02 3.605_LE+00
OH 3.16661E-07 7.57340E-03 1.02544E+00
H 3.96981E-07 9.49646E-03 1.00269E*00
02 7.32362E-06 1.75156E-01 -3.09190E÷00
H2 1.1_721E-06 2.7437_E-02 -4.61715E+00
H02 6.59596E-09 1.57705E-0_ 1.37949E-03
H202 6.23618E-10 l.A91q9E-OS 2.43739E-03
CO S.A6803E-IO 1.30777E-05 -1.05386E-02
C02 1.11953E-08 2.67755E-04 1.08272E-02
N2 3.01854E-05 7.21885E-01 -1.21742E-06
_0 3.49253E-14 8.55247E-10 2.54611E-07
CN 9.29669E-10 2.22546E-08 2.18022E-06
CH2 1.qZS17E-O8 $.41571E-0_ 1.51918E-02
C3HS 8.33053E-07 1.99234E-02 -5.16086E-03
AR 3.60260E-07 8.61621E-03 O.O0000E+O0

DERIVATIVES (CGS UNITS), T

MIXTURE MOLECULAR HEIGHT 27.77552

1.87387E+08 RHO

TOTAL ENERGY EXCHANGE RATE
(CAL-CM)OtS/G_Z/SEC)

REACTION RATE CONST
NUMBER CGS UNITS

1 2.3200E÷11
2 1.1878E*12
3 5.9802E+12
4 3.7702E+13
S 3.6706E÷13
6 8.0000E÷12
7 9.6262E+13
8 3._826E÷10
9 3.9Z06E÷12

10 1.8000Et12
11 7.8000E,11
12 1.1186E+11
13 7.1966E÷12
14 1.9889E÷15
15 9.9719E400
16 4.3616E¢15
17 2.0665E÷01
18 1.5826E-01
19 6.1428E÷09
20 3.1247E-05
21 6.S_SSE_06
22 5.8727E÷13
23 2.171SE_11
26 1.0236E÷10
25 6.0415E_10
26 1.8763E÷01
27 1.5830E÷06
28 8.3000E+11
29 1.2500E+12
30 2.8146E÷06
31 7._613E+06
32 3.6443E+06
33 2.5761E-07
3_ 5.7_99E+05
SS 3.3505E+11
36 2.1715E+11

O.O0000E÷O0

-¢.19411E+10

O.O0000E÷O0 CM

107

0.96_0qE-08

S

107

128

13

NET REACTION CONV RATE NET RATE/POSI-
(NOLE-CM_WS/GxlZ/SEC) TZVE DIR RATE

-2.67902E÷0S 0.84410
1.63230E+06 0.63751
1.17971E÷06 0.72556
7.31763E+04 0.99923
5.72712E÷04 0.99979
1.23849E÷0¢ 0.99997
1.06817E÷05 0.99992

-6.22012E÷03 0.96955
5.75291E÷02 0.99070
5.65545Et01 0.97q60
1.43173E÷02 1.00000

-1.72828E*04 0.87850
1.85560E÷06 0.95721
S.15396E*03 0.99963

-_._2663E÷0_ 1.00000
1.71540E+04 1.00000

-8.12522E_03 1.00000
-1.66840E÷02 1.00000

7.94904E-01 1.00000
2.59373E-07 1.00000
3.67170E+01 0.90052
0.59561E÷03 0.99164
4.61673E÷04 1.00000
6.64142E÷00 1.00000
5.75309E+02 1.00000
3.07515E-05 1.00000
1.65151E-15 1.00000
1.82629E-01 1.00000
3.00905E-08 1.00000
8.99568E-01 1.00000
2.13012E+02 1.00000
3.02649E÷03 1.00000
1.60472E-12 1.00000
1.63361E+0_ 1.00000
5.76115E+05 1.00000
4.61673E+06 1.00000

MASS FRACTION SUH 1.00000003

COMPUTER TIME (CPU) REQUIRED, FOR THIS STEP - 8.666668E-01 S
NEGATIVE CONCENTRATION FOR SPECIES CO

UP TO THIS TIME - 8.666668E-01 S
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TIME S. 50000E-06 SEe

FLON PROPERTIES

PRESSURE
(ATH)

VELOCITY
(ClVSE¢)

DENSITY
(6/ClanS)

TEMPERATURE
(DEe K)

MASS FLON RATE
(O/SEC)

ENTROPY
(CAL/O/DEG K)

HACH NUMBER

ON4HA

ENTHALPY
(CAL/G)

SP. HEAT (CP)
(CAL/G/DEG K)

_PECIES CONCENTRATIOH NOLE FRACTION
(HOLES/CMXl3)

O q.162650-07 1.012010-02
H20 2.25226E-06 5.475550-02
OH 2.88228E-07 7.00729E-03
H 7.69813E-08 1.871540-03
02 6.59377E-06 1.60305E-01
N2 1.496820-08 5.63900E-04
H02 S.SSO38E-09 1.63153E-OS
H202 3.00805E-10 7.509680-06
CO -3.59652E-08 -8.743720-04
COZ 5.13486E-08 1.24837E-03
H2 3.018330-05 7.33803E-01
NO 4.47375E-11 1.087640-06
CH 1.614370-10 3.92679E-06
CHZ 1.360530-07 3.30766E-03
CSH8 7.911750-07 1.92367E-02
AR 3.60260E-07 8.75849E-05

DERIVATIVES (COS UNZTS)I T

MIXTURE MOLECULAR HEIGHT 28.23617

TABLE A.S.-----Continucd.

AREA

6.37810

0.00

1.16135E000

1889.71

0.000000÷00

2.1179

0.0000

1.2609

3.910230+02

3.400960-01

O.O0000E+O0 Sq C_ AXIAL POSITION 0.00000E+00 CH

INTEGRATION INDICATORS

STEPS FROH LAST PRINT S

AVERAGE STEP SIZE 0.10023E-06

METHOD ORDER 5

TOTAL NUMBER OF STEPS 206

FUNCT EVALUATIONS 268

JACOBIAN EVALUATIONS 25

CHEMICAL PROPERTIES

NET SPECIES PRODUCTION REACTION
RATE (MOLE/CI4XX3/SEC) NUq40ER

-1.014510-01 1
8.02441E-02 2

-3.381760-02 3
-5.78635E-02 6

1.86437E-02 5
-2.348950-02 6
-5.472690-04 7
-6.488150-05 8
-4.33519E-03 9

7.62006E-03 10
-L.16996E-04 11

S.631080-05 12
1.776810-04 13
7.19063E-02 14

-Z.SIZZ9E-O2 15
O.O0000E+O0 16

17
18
19
20
21
22
23
26
25
26
27
28
29
30
31
32
33
34
35
36

RATE COHST NET REACTION CONV RATE NET RATE/POSZ-
C_SS UNITS (NOLE-CJ4_S/GIX2/SEC) TIVE DIR RATE

5.11150÷11 7.60454E*04 0.20840
2.39750+12 -Z.301570+05 0.20326
1.0790E*13 -8.069860+06 0.61815
6.1329E+13 8.367890+03 0.99914
3.8310E÷13 4.18851E+04 0.99775
0.0000E*12 6.05258E*05 0.99716
1.0078E+14 2.036600+04 0.99717
1.0ZS9E+ll -7.483490+02 0.99468
6.1682E÷12 2.70299E+02 0.98240
1.8000E÷12 1.410420+01 0.83840
7.8000E+11 1.375090+01 0.99995
7.85240÷11 -6.732360÷03 0.42368
9.3639E+12 -6.899260*06 0.69773
1.9055E+15 6.95112E÷04 0.98992
8.9993E÷02 -5.363710+03 0.99997
3.75720÷15 3.67174E+03 0.99998
1.73680+03 -2.434550+02 0.99999
2.13370+01 -2.37436Et02 0.99998
6.41060÷09 -7.115860÷01 1.00000
6.4189E-03 2.44378E-04 1.00000
5.06680÷07 -8.47581E+00 0.69576
6.12970÷13 5.762180÷03 0.98607
2.1024E*I1 1.51702E+03 1.00000
1.64280+10 0.000000+00 0.00000
7.228$E+10 4.119270÷01 1.00000
1.3668E+03 Z.01396E-01 x.oooou
8.05800+06 1.19576E-08 1.00000
8.30000*11 4.13550E÷01 1.00000
1.25000+12 6.693630-03 1.00000
2.8426E+07 8.65307E÷01 1.00000
9.24280+06 2.394170÷03 1.00008
1.9936E÷07 1.862720÷04 1.00000
2.1075E-06 1.562Z00-13 1.00000
6.8242E+05 1.77259E÷04 1.00000
5.46700+11 4.857610+05 1.00000
2.18240÷11 1.S1702E+05 1.00000

2.23588E+07 RHO O.O0000E÷O0

TOTAL ENERGY EXCHANGE RATE -1.04075E÷10
(CAL--CHNm.5/O_MZ/SEC)

MASS FRACTION SUN 1.00000002

COMPUTER TIME (CPU) REOUIRED, FOR THIS STEP - 3.3332820-02 S UP TO THIS TIME - 1.7000000+00 S

NEGATIVE CONCENTRATION FOR SPECIES H2

NEGATIVE CONCENTRATION FOR SPECIES CO

TIME 5.00000E-06 SEC AREA 0.00000E+00 SQ CM AXIAL POSITION

FLOH PROPERTIES

PRESSURE 6 • 42873
(ATM)

VELOCITY O. O0
(C_'SEC)

DENSITY 1.161380-03
(G/Clal3)

TEMPERATURE 190.5.03
(BEG K)

MASS FLOH RATE 0.0000004"00
(G/SEC)

ENTROPY 2.1205
(CAL/G,'DEG K)

HACH NUHDER O.O000

GAMMA 1.2608

EHTHALPY 3. 920790+02
(CAL/O)

SP. HEAT (CP) 3.40164E-01
(CAL/O/DEO K)

INTEGRATION ZHDICATORS

STEPS FROM LAST PRINT

AVERAGE STEP SIZE

METHOD ORDER

TOTAL NUMBER OF STEPS

FUNCT EVALUATIONS

JACOBIAN EVALUATIONS

O.O0000E÷O0 C]q

32

0.30469E-07

4

263

305

37
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SPECIES CONCENTRATION MOLE FRACTION
(HOLES/CMXlS)

0 3.08932E-07 7.51191E-03
HZO 2.36307E-06 5.74598E-02
OH 2.46937E-07 6.00444E-03
H 4.20261E-00 1.02139E-03
02 . 6.60548E-06 1.60617E-01
H2 -9.99808E-09 -2.43110E-04
HO2 2.90641E-09 7.06716E-05
H202 2.39983E-10 5.83537E-06
CO -3.75646E-08 -9.13qlIE-04
C02 5.99703E-08 1.45842E-03
N2 3.01830E-05 7.33921E-01
NO 1.90745E-10 4.63810E-06
CH 5.$2384E-10 1.34316E-05
CH2 2.48420E-07 6.04071E-03
C3H8 7.51243E-07 1.82670E-02
AR 3.60260E-07 8.75997E-03

DERIVATIVES (COS UNITS)J T

MIXTURE MOLECULAR HEIGHT 28. 23896

TABLE A.5.---Concluded.

CHEMICAL PROPERTIES

HET SPECIES PRODUCTION REACTION RATE COHST
RATE (MOLE/CMX_3/SEC) NUMBER COS UNITS

-4.98532E-02 1 5.3165E÷11
6.3681_E-02 2 2.4032E+12

-2.19949E-02 3 1.1113E+13
-1.39240E-02 4 _.I$18E+13
-&.7SI74E-04 S 3.8393E÷13
-1.17146E-02 6 8.0000E+12
-3.34401E-04 7 1.0101E+14
-3.12076E-05 8 1.0718E+11

1.70741E-03 9 4.1810E÷12
4.39934E-03 10 1.8000E÷12

-2.39490E-04 11 7.8000E+11
1.q2181E-04 IZ 8.656_E+11
3.36799E-0_ 13 9.4667E+lZ
7.5650gE-02 14 1.gOl4E+15

-2.73648E-02 15 1.1272E÷03
O.O0000E÷O0 16 3.7270E+15

17 2.1333E÷03
18 2.7278E÷01
19 6.42_3E÷09
20 8.3682E-03
21 5.6105E÷07
22 6.1428E_13
23 2.1832E÷11
24 1.6356E÷10
25 7.2945E+10
26 1.6912E+03
27 8.7412E+06
28 8.3000E+11
29 1.2500E+12
30 3.1912E+07
31 9.$423E+06
32 2.1765E+07
33 2,3411E-06
3¢ 6.8830E+05
35 3.4520E+11
36 2.1832E+11

2.08524E+06 RHO O.O000OE÷O0

TOTAL ENERGY EXCHANGE RATE -5.92238E÷09
(CAL-C/q_IS/GEN2/SEC)

NET REACTION COHV RATE NET RATE/POST-
(MOLE-CM_13/G_Z/SEC) TIVE DIR RATE

8.05900E+04 0.20005
-2.10116E+05 0.29133
-8.80665E÷04 0.59358

3.76540E+03 0.99856
2.54683E+04 0.996G5
4.23605E÷03 0.99506
9.10169E+03 0.99499

-3.24520E*02 0.99283
1.79205E÷02 0.97551
9.00204E÷O0 0.79850
5.83201E÷00 0.99988

-3.79455E÷05 0.32368
-7.65536E÷04 0.70740

3.05206E÷04 0.98317
-2.48217E÷03 0.99992

1.47538E÷03 0.99904
-7.221¢1E+01 0.99998
-1.29656E+02 0.99996
-5.52770E+01- 1.00000

3.72139E-04 1.00000
-1.22859E+01 0.71198

3.51713E+03 0.98237
1.10169E+05 1.00000
O.O0000E÷O0 0.00000
O.OOO00E+O0 0.00000
2.50003E-01 1.00000
2.35807E-07 1.00000
1.05017E+02 1.00000
9.76520E-02 1.00000
1.77416E+02 1.00000
4.42268E÷05 1.00000
2.02894E*04 1.00000
O.O0000E÷O0 0.00000
1.51986E÷04 1.00000
4.17478E÷05 1.00000
1.!0169E÷05 1.00000

MASS FRACTION SUM 1.00000001

COMPUTER TIME (CPU) REgUIRED, FOR THIS STEP - 3.999996E-01 S

(LSENS) END OF THIS CASE

SUMMARY OF COMPUTATIONAL HORK REQUIRED FOR PROBLEMs

TOTAL NO. OF STEPS - 245
TOTAL NO. OF DERIVATIVE EVALUATIONS - 305
TOTAL NO. OF JACOBZAH EVALUATIONS - 37
TOTAL CPU TIME - 2.133533 S

UP TO THIS TIME - 2.133335E+00 S

TOTAL CPU TIME (IHCLUDINO 1/0) REQUIRED • 3.433333 S

(LSEHS) READ DATA FOR NEXT CASE
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TABLE A.6.----COMPUTED RESULTS FOR TEST CASE 5 (PROPANE-AIR PSR PROBLEM USING ALL-GLOBAL REACTIONS)

xx DATA LINES Ix

1 2 3 4 S 6 7 B
CC 12345678901234567890125456789012345678901234567890125456789012343678901234567890

GLOBAL CODE TEST CASEs ALL GLOBAL REACTIONS; HEN CASE CASE S

I.

NEH
Artype globm 1# . true., gronly:, true., &end

HZO ¢ O • H2 + 02
1. 1. 4.900+10 .18 -510.

+ H20 • C02 + H2
1. 1.300+03 1.31 -7000.

¢ HZ • CO + HI0
1. 4.q10+10 .19 3527.

+ OZ >2.0 NO
1. 3.00E+14 .03 100000.

Z. 0 NO • N2 + 02
Z. 2.000+11 O. 38000.

+2. O 0 • NO + CO
1. 8.300+11 O. 0.

+ NO • CO + N2
1.250"C'12 O. O.

+ N2 •2.0 CN +2.0 H2
5.00E.13 O. 54000.

+ 02 • CO + H20
3.500407 O. 5000.

+ C3H8 •3.0 CH2 +2.0 OH
1.100+12 O. 41000.

+ 02 >2.0 OH
1. OOE+O0 0. 49080.

¢2.0 OH • H20 + CSH8
1.98E+06 O. 4000.

+ OZ • HZO + O
0.96E+12 -.1 1013.

BLANK LINE -

CSHO
&end

1.

1.

CO

C02

N2

CN
1.

CN
1. 1.
2.0 CH2
1. 1.

CH2
1. .S

02
1.6. .1

H2
1. 1.

CSNS
.15 1.

ON + 142
1. O. 1.

AR
TIME

iprob welstr=, trMo. •

+ O

+ OH

&wsprob delmd: 10., dotmax: 1600., mpr:l, volume: 200., &end
As*art *= BO0.,p=$.S,mdot= 100., Bend

02 .193301
N2 .720502
CSH8 .0773205
AR .0088765
END
FINIS

LENIS SENSITIVITY AND GENERAL KIN[TICS PROGRAH NASA LENZS RESEARCH CENTER

GLOBAL CODE TEST CASE, ALL GLOBAL REACTIONS; NEN CASE CASE S

NUMBER

1
2
3
4
5
6
7
8
9

10
11
12
13

REACTION
NUMBER

1
2
3
4
5
6
7
8
9

IO
11
12
13

Z.OIOH

xx_ GLOBAL REACTIONS )_x

REACTION

1.0xHZO + 1.0KD • I.OXH2 + 1.BxO2
1.0MCO * 1.|xH20 • l.BmCO2 ¢ 1.0NHZ
1.0_C02 + 1.0XHZ • 1.0_CO ¢ 1.0MN20
1.0_J42 ¢ 1.Om02 • 2.OINO

Z.OXNO • 1.01NZ + 1.0m02
1.O_CN + Z.BEO • 1.0XNO + 1.0mCO
1.ONCN ¢ 1.BEND • 1.0wCO + 1.OXN2
2.OnCH2 + 1.OmN2 • Z.OXCN + 2.OMH2
I.Ok'CH2 + 1.0N02 • 1.0NCO + 1.0xH20
1.0x02 + 1.0_CSNS • 3.ONCH2 + 2.0xOH
I.ONHZ * I.ONOZ • 2.OXOH
1.0KCSNS + 2.OMON > I.OwH20 ¢ 1.OXCSNS ÷
1.0xH2 + 1.0N02 • 1.OnHZO + 1.ONO +

REACTANT EXPONENTS
REXP 1 REXP 2 REXP 3

0.000 1.000 1.000
O.O00 1.000 1.000
0.000 1.000 1.000
O.O00 1.000 1.000
0.000 0.000 2.000
O.OO0 1.000 1.000
0.000 1.000 1.000
0.000 1.000 1.000
O.O00 1.000 0.500
0.000 1.600 0.100
0.000 1.000 1.000
0.000 O.ISO 1.000
1.000 0.000 1.000

me HEN INPUT DATA GIVEN IN COS UNITS xx

1.9XO
1.010H

REACTION RATE VARIABLES
A N

4.90000E¢10 0.1800
1.300000_05 1.3100
4.410000¢10 0.1900
3.000000¢L4 0.0300
2.00000E*11 0.0000
B.30000E÷I1 0.0000
1.250000412 0.0000
5.000000413 0.0000
3.500000+07 0.0000
1.100000412 0.0000
I.O0000E_O0 0.0000
1.980000_06 0.0000
9.600000_11 -0.1000

_! OUTPUT REQUIRED IN COS UNITS xx

ACTIVATION
ENERGY

-510.00
-7000.00

3527.00
100000.00

38000.00
0.00
0.00

54000.00
5000.00

41000.00
49080.00

4000.00
1013.00

Ex ASSIGNED VARIABLE PROFILE ix

HELL - STIRRED REACTOR CASE

VOLUlqE OF REACTOR : 2.000000+02 C/4XX3
MASS FLON RATE TO START ITERATION = 1.000000+02 G/S
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TABLE A.6.---Continued.

ASSIGNED MASS FtOt4 RATE PROBLEM, MASS FLOH RATE INCREMENT =
MAXIMUM MASS FLON RATE : 1.60000E*03 O/S

I.O0000E÷O1 G/S

NUMBER OF REACTING SPECIES, 12

NUM)ER OF INERT SPECIF.Ss 1
u INITIAL CONDITIONS xM

TIME O.OOOOOE+O0 SEC AREA O.O0000E÷O0 SQ CM AXIAL POSITION O.O0000[÷O0 CH

FLON PROPERTIES

PRESSURE 5.50000
(ATN)

VELOCITY 0.00
(CH/SEC)

DENSITY 2.52469E-03
(G/CHiN3)

TEMPERATURE 800.00
(DEG K)

MASS FLOH RATE 1.00000E+02
CG/SEC)

ENTROPY 1 •8096
(CAL/O/DEO K)

NACfl NUHDER 0.0000

OAMHA 1.2519

ENTHALPY 8.37665E+01
(CAL/G)

SP. HEAT (CP) 3.27783E-01
(CAL/G/DEO K)

INTEGRATION INDICATORS

STEPS FROM LAST PRINT 0

AVERAGE STEP SIZE O.O0000E*O0

METHOD ORDER 0

TOTAL NUMBER OF STEPS 0

FUNCT EVALUATIONS 0

JACODIAN EVALUATIONS 0

CHEMICAL PROPERTIES

:;PECIES CONCENTRATION MOLE FRACTION
(HOLES/CM_KS)

HZO O.OOO00E÷O0 O.O0000E÷O0
0 0.00000E+00 O.O0000E+O0
H2 O.O0000E_O0 O.O00OOE+O0
02 1.61956E-05 1.93301E-01
CO 0.00000E+00 O.O0000E+O0
C02 0.00000E+00 0.00000E÷00
H2 .6.05667E-05 7.20502E-01
HO O.O0000E+O0 O,O0000E+O0
CN O.O0000E÷O0 O.O0000E+O0
CH2 O.O0000E+OO O.OOO00E+O0
CSN8 6.47824E-06 7.73205E-02
OH O.O0000E_O0 0,00000E÷00
AR 7.45711E-07 8.87650E-03

MIXTURE MOLECULAR HEIGHT 30.13525

NET SPECIES PRODUCTION REACTION RATE CONST
RATE (HOLE/C.M_NS/SEC) NUMBER COS UNITS

O.O0000E+O0 1 2.2_95E+11
O.O0000E÷O0 2 6.7500E÷10
O.O00OOE+O0 3 1.7080E÷10

-_.53833E-08 _ 1.7599E-13
O.O0000E+O0 5 8.3160E+00
O.O000OE+O0 6 8.5000E+11

-1.72062E-22 7 1.2500E+12
3.4¢12¢E-22 8 0,8483E-02
O.O0000E+O0 9 1.5071E+06
1.36150E-07 10 6.9297E+00

-_.53833E-08 11 3.9081E-1¢
9.07666E-08 12 1.5992E÷05
O.O00OOE+O0 13 2.6015E+11

TOTAL ENERGY EXCHANGE RATE O.O0000E+O0
(CAL-CI4_3/G_m2,,'SEC)

NET REACTION COHV RATE NET RATE/POSI-
(MOLE-CM_X$/GXNZ/SEC) TIVE DIR RATE

O.00000E_O0 0.00000
O.00000E÷O0 0.000o0
O.00000E_O0 0.00000
2.69941E-17 1.00000
O.O0000E÷O0 0.00000
O.00000E÷00 0.00000
O.O00OOE+O0 0.00000
O.O0000E*O0 0.00000
O.OOO00E+O0 0.00000
7.11999E-03 1.00000
O.O0000E+O0 0.00000
0.00000[+00 0.00000
O.OOO00E+O0 0.00000

MASS FRACTION SUM 1.00000000

CPU TIME FOR ZNZTIALIZATZON OF LSENS • 0.500000 S
meEQUILI|RIUH CONDITIONS n

TIME O.O00OOE÷O0 SEC AREA O.O0000E÷O0 SQ CH AXIAL POSITION O.O0000E÷O0 CM

FLOH PROPERTIES

PRESSURE
(ATM)

VELOCITY
(CM/SEC)

DENSITY
( G/CH)IX 3 )

TEMPERATURE
(DEG K)

MASS FLOH RATE
(O/SEC)

ENTROPY
(CAL/G/DEO K)

MACH NUMBER

OAHHA

ENTHALPY
( CA L/G )

SP. HEAT (CP)
(CAL,,'G/DEG K)

S.SO000

0.00

7.86509E-Oq

2021.03

1.0000OE÷0Z

2.4¢_3

0,0000

1.28Z0

8,37664E÷01

3.80893E-02

INTEGRATION INDICATORS

STEPS FROM LAST PRINT

AVERAGE STEP SIZE

ME'rNOD ORDER

TOTAL NUHDER OF STEPS

FUNCT EVALUATIONS

JACOBZAN EVALUATIONS

0

O. O0000E._O0

0

CHE]qICAL PROPERTIES

SPECIES

HI0
0
N2
02
CO
C02
N2
NO
CN

CONCENTRATION
(MOLES/CMKNS)

3.26171E-06
1.07090E-12
4.81052E-06
7.86509E-14
5,28064E-06
7.73802E-07
1,.88058E-05
_.836S9E-11
7.86509E-1_

MOLE FRACTION

9.83480E-02
3.22900E-00
1._50_8E-01
2.37151E-09
1.59223E-01
2.33_19E-02
5.67039E-01
1.458S4E-06
2.37151E-09

NET SPECIES PRODUCTION REACTION
RATE (MOLE/CHxxS/SEC) NUMBER

1.59¢30E-02 1
q.OS289E-06 2

-1.59373E-02 3
7.66769E-07
1.59381E-02 S

-1.59381[-02 6
-l.02252E-LO 7
-4.76076E-12 8

2.092_5E-10 9

RATE CONST NET REACTION CONV RATE
COS UNITS (MOLE-CH_NS/GN_2/SEC)

2.1895E+11 1.Z363SE+O0
1.5893E+10 _._2519E+05
7.7821E+10 4.6828_E÷05
5.7878E+03 1.38388E-00
1.55S2E+07 5.88118E-08
8.$000E÷11 1.13011E-07
1.2500E+12 7.68680E-06
7.2565E+07 1.73029E-04
1.0078E+07 3.59358E-07

NET RATE/POSI-
TIVE DIR RATE

1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
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TABLE A.6.--Continucd.

CH2 7.86309E-1¢ Z. 57151E-09 -2.14286E-10 10 4. 0527E+07
CSH8 7.86309E-14 Z. 57151E-09 -2.16013E-15 11 4. 9272E-06
OH 7.22352E-10 Z. 17806E-05 -1.14353E-05 12 7. 5135E÷05
AR 2. 31686E-07 6.98M7E-05 0. 00000E4"00 13 3. 4847E4"11

MIXTURE MOLECULAR HEIGHT 23.71307 TOTAL ENERGY EXCHANGE RATE 0.00000E4'00
( CAL -CMmtS/OmII/SEC )

5.65965E-09 1,00000
3.01360E-18 1.00000
9.2¢295E+00 1.00000
3.20048E-03 1.00000

14453 FRACTION SUM 1.00000009

COHPUTATIORAL HORK REQUIRED FOR EQUILIBRIUM CALCULATION,
NO. OF ITERATIONS = 12 CPU TIME : 1.666737E-02 S

INITIAL ESTIMATES (SIGMAS) AT TEMPERATURE • 2021.05 K,

H20 4.14707E-03
0 1.36158E-09
H2 6.11629E-03
02 1.00000E-10
CO 6.71402E-03
COZ 9.83845E-04
N2 2.39105E-02
NO 6.14944E-08
CN 1.00000E-10
CN2 1.00000E-IO
C3H8 1.00000E-10
OH 9.18427E-07
AR 2.94575E-04

HELLSTIRRED REACTOR CALCULATION .... OLODAL CODE TEST CASE1 ALL GLOBAL REACTIONS; HEN CASE

PRESSURE ATM
TEMP. BEG K
ENTROPY CAL/GM/K
DENSITY GI4/CI4_K5
ENTHALPY CAL/OH
SP. MEAT (CP) CAL/GIVK
NOL. liT. OF MIXT
GAI'g4A

CASE S

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

5.50000 5.50000 1.00000
800.000 1866.72 2.33340
1.80955 2.32614 1.28548
2.52460E-03 9.22862E-0_ 0.36553
83.7665 83.7665 1.00000
3.27785E-01 3.82594E-01 1.16661

30.1332 25.7019
1.2519 1.2534

SPECIES HOLE FRACT HASS FNACT MOLE FRACT MASS FRACT

H20 0.00000E÷O0 O.O00OOE÷00 1.06379E-01 7.45646E-02
0 0.O0000E÷O0 O.00000E÷O0 1.$2775E-04 9.51022E-05
H2 O.O0000E÷O0 O.OOO00E*00 8.14109E-02 6.58507E-03
02 1.93301E-01 2.05268E-01 2.62297E-02 3.26560E-02
CO O.O0000E_O0 O.OOO00E_OO 1.06128E-01 1.15661E-01
CO2 O.00000E_O0 0.00000E*00 3.20966E-02 5.49597E-02
N2 7.20502E-01 6.69815E-01 6.14077E-01 6.69505E-0!
NO 0.00000E_00 0.00000E+00 1.00021E-Oq 1.16771E-04
CN O.O0000E*OO O.0000OE+O0 8.36062E-Oq 8.46536E-04
CH2 0.00000E_00 O.OOOOOE+O0 7.65022E-03 q.16420E-03
C3H8 7.73205E-82 1.13149E-01 1.70527E-02 2.92570E-02
OH 0.00000E÷00 0.00000E+O0 3.35157E-04 2.21765E-04
AR 8.87650E-|3 1.17677E002 7.57112E-03 1.17677E-02

VOLUME 200.000 Cl_x3 MASS FLO 100.000 GPVSEC

MDOT/VOLUHE • 0.50000 RESIDENOE TIME • 1.846 NSF,.C ITERATIONS : 16
MELLSTIRRED REACTOR CALCULATION .... OLO]LAL CODE TEST CASE_ ALL GLOBAL REACTIONS; NEH CASE CASE S

INITIAL STATE FINAL STATE FINAL/1HZTIAL EATZO

PRESSURE ATM 5.50000 5.50000 1.00000
TEMP. BEG g 800.000 1840.61 2.30077
ENTROPY CAL/OI4,'K 1,80955 2.31665 1.28023
DEHSZTY OM,,'CHmx3 2.$2469E-03 9.39340E-04 0.37206
ENTHALPY CAL/GM 83.7665 83.7665 1.00000
SP, NEAT (CP) CAL/GM,,'K 3.27783E-01 3.81967E-01 1.16550
HOL. HT. OF MIXT 30.1332 25.7948
GAIg4A 1.2519 1.2526

SPECIES NOLE FRACT HASS FRACT HOLE FRACT MASS FRACT

H20 O.00000E÷O0 0.00000E÷00 1.03756E-01 7.24638E-02
0 0.00000E÷00 O.O0000E+O0 1.86020E-04 1.13380E-04
H2 O.O0000E_00 0.00000E_00 7.98767E-02 6.24216E-03
02 1.93501E-01 2.05268E-01 2.96722E-02 3.68087E-02
Co O.80000E÷O0 O.O0000E*OO 1.03451E-01 1.12336E-01
CO2 O.00000E+O0 O.00000E+O0 3.18636E-02 5.43640E-02
N2 7.20502E-01 6.69815E-01 6.16417E-01 6.69433E-01
NO O.O0000E+O0 0.00000C-+00 1.20874E-04 1.40607E-04
Cfl O.OO000E÷O0 O.OO00OE+O0 5.82636E-06 5.87670E-04
CH2 O.O0000E+O0 0.00000E400 7.84543E-03 _.26621E-03
C3H8 7.73205E-02 1.15149E-01 1.827¢3E-02 3.12398E-02
OH 0.O0000E+O0 0.O0000E+O0 3.55798E-04 2.34508E-04
AR 8.87650E-03 1.17677E-02 7.59852E-03 1.17677E-02

VOLUME 200.000 CMxx3 NABS FLO 110.000 OM,'SEC

MDOT/VOLLq4E • O.SSO00 RESIDENCE TIME " 1.708 MSEC ITERATIONS : 3
NELLSTIRREB REACTOR CALCULATION .... GLORAL CODE TEST CASE1 ALL GLOBAL REACTIONS; NEH CASE CASE 5

INITIAL STATE FINAL STATE FINAJXNITIAL RATIO

PRESSURE AITI 5.50000 §.50800 1.00000
TEMP. DEO K 800.008 1810.12 2.26265
ENTROPY CAL/OIVK 1.80055 2.30522 1.27392
DENSITY W4,,C:N_WS 2.52_69E-03 9.50338E-0¢ 0.37908
ENTHALPY CAL/GM 83.7665 83.7665 1.00000
SP. HEAT (CP) CAL/GI4/K 3.27783E-01 3.81q47E-01 1.16372
MOL. HT. OF MIXT 30.1332 25.9076
GAf4MA 1.2519 1.2517
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(HSR)

(NSR)

TABLE A.6.-.-Continued.

SPECIES MDLE FRACT MASS FRACT MOLE FRACT MASS FRACT

H20 O.O0000E+OD O.O0000E+O0 1.00629E-01 6.99736E-02
0 O.O0000E*O0 O.O000OE+O0 2.25408E-04 1.39202E-04
H2 O.O0000E_O0 O.O0000E+O0 7.80868E-02 6.07572E-03
02 1.93301E-01 2.05268E-01 3.38253E-02 4.17780E-02
CO O.O0000E*O0 O.O0000E*O0 1.00260E-01 1.08397E-01
C02 O.O0000E+O0 O.O0000E+O0 3.15536E-02 5.36000E-02
NZ 7.20502E-01 6.69815E-01 6.19200E-01 6.69529E-01
NO O.OOO00E_O0 O.O0000E÷O0 1.46619E-04 1.67497E-04
CN O.O0000E_O0 O.O000OE*O0 3.8_734E-0¢ 3.86369E-04
CH2 O.O000OE+O0 O.O0000E÷O0 7.91299E-03 4.28422E-03
C3H8 7.73205E-02 1.13149E-01 1.977_1E-02 3.36566E-02
OH O.O0000E+O0 O.O0000E÷O0 3.71866E-04 2.44115E-04
AR 8.87650E-03 1.17677E-02 7.63173E-03 1.17677E-02

VOLUME 200.000 CMxx3 MASS FLO 120.000 GFI/SEC

MDOT/VOLUNE • 0.60000 RESIDENCE TIME = 1.599 MSEC ITERATIONS = 3
NELLSTZRRED REACTOR CALCULATION .... GLOBAL CODE TEST CASEz ALL GLOBAL REACTIONS; HEH CASE CASE 5

INITIAL STATE FZHAL STATE FINAL/INITIAL RATIO

PRESSURE ATM S.SOOO0 5.50000 1.00000
TEMP. DEG K 800.000 1771.71 2.21464
ENTROPY CAL/GIq/K 1.80955 2.29023 1.26564
DENSITY GM,rCMx_S 2.$2469E-03 9.85816E-06 0.39047
ENTHALPY CAL/GM 03.7665 83.7665 1.00000
SP. HEAT (CP) CAL/GIVK 3.27783E-01 3.80763E-01 1.16163
MOL. FIT. OF MZXT 30.1332 26.0577
GAMMA 1.2519 1.2504

SPECIES HOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

H20 O.OOOOOE*O0 O.O0000E*O0 9.65660E-02 6.67616E-02
0 D.O0000E÷O0 8.00000E_80 2.74493E°04 1.68538E-0_
HZ O.O000OE+O0 O.O0000E+O0 7.57757E-02 5.86193E-03
02 1.93301E-01 2.05268E-01 3.92916E-02 4.82499E-02
CO O.O0000E+O0 O.O0000E*O0 9.61201E-02 1.03323E-01
C02 O.O0000E+O0 O.O0000E+O0 3.11090E-02 5.2541)E-02
N2 7.20502E-01 6.69815E-01 6.22854E-01 6,69600E-01
NO O.O0000E+O0 O.O0000E400 1.71843E-06 1.97881E-06
CH O,O@O00E+O0 O.O0000E*O0 2.29289E-04 2.28936E-04
CH2 O.O0000E+O0 O.O0000E*O0 7.76221E-03 4.17838E-03
CSH8 7.73205E-02 1.13149E-01 2.17894E-02 3.68731E-02
OH o.go000E+O0 O.O00OOE_O0 3.80663E-04 2.48¢50E-04
AR 8.87650E-03 1.17677E-02 7.67596E-03 1.17677E-02

VOLUME 200.000 C34XN3 MASS FLO 130.000 OH/SEC

MDOT/VOLIAME = 0.65000 RESIDENCE TIME = 1.517 MSEC TTERATIONS= 4

HELLSTIRRF.D REACTOR CALCULATXON .... OLOBAL CODE TEST CASE, ALL GLOBAL REACTIONS; NEH CASE CASE 5

INITIAL STATE FINAL STATE FINAL/|NITIAL RATIO

PRESSURE ATM S.SOO00 5.50000 1.00000
TEMP. DEO K 800.000 1705.)0 2.13138
ENTROPY CAL/GM/K 1.80955 2.26265 1.25059
DENSITY GM/CMJeN3 2.52469E-03 1.03540E-03 0.41011
ENTHALPY CAL/QH 83.7665 83.7665 1.00000
SP. HEAT (CP) CAL/GH/K 3.27783E-01 3.79479E-01 1.15771
MOL. leT. OF MZXT 30.1332 26.3395
GAMMA 1.2519 1.2481

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

H20 O.OOOOOE+OO O.O0000E÷O0 8.91865E-02 6.10001E-OZ
0 O.O0000E+O0 O.O0000E+O0 3.51692E-04 2.13628E-04
HZ O.O0000E+O0 O.O0000E÷O0 7.15_17E-02 5._7518E-03
02 1.93301E-01 2.05268E-81 4.93907E-02 6.00026E-02
CO O.O0000E+O0 O.O0000E+O0 8.86313E-02 9._2537E-02
C02 O.O0000E*O0 O.O0000E+00 3.02031E-02 5.04653E-02
N2 7.20502E-01 6.69815E-01 6.296qsE-01 6.69657E-01
NO O.O0000E+O0 O.O0080E+O0 2.03736E-0_ 2.32097E-04
CN O.O0000E*O0 O.O00OOE+O0 9.48160E-05 9.28673E-05
CH2 O.O0000E+O0 O.O0000E÷O0 7.02_25E-03 3.74068E-03
C3H8 7.73205E-02 1.13149E-01 2.56018E-02 4.28611E-02
OH O.O0000E÷O0 O.O0000E+O0 3.68789E-04 2.38125E-0_
AR 8.87650E-03 1.17677E-02 7.75897E-@3 1.17677E-02

VOLUME 200.000 CI4_x3 MASS FLO 140.000 OM/SEC

MDOT/VOLUME : 0.70000 RESIDENCE TIME : 1.479 MSEC ITERATIONS = 5

N_x ZN COMPUTING COHV. NO. 6, MASS FRACTION SUM - 1.38005E*00 ON ITERATION NO. 17 NX_
TEMPERATURE : 1.12164E+03 K, MASS FLOH RATE : 1.50000E+02 C,/S

me RESTART: MASS FLOH RATE r 2.800GOE'I'OZ G/S, TEMPERATURE : 1.70510E÷03 K xX

(HSR) _m_ IN CUMPUTIHG CONV. NO. 6, MASS FRACTXOH SUM : 1.23801E+00 OH ITERATION NO. 1 _l_
TEMPERATURE : 1.24041E+03 K, MASS FLOH RATE : 2.80000E+02 G/S
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TABLE A.6.--Concluded.

(NSR) NN RESTART_ HASS FLOH RATE • S.600OOE÷02 G/S, TISHPERATURE • 1.705)0E*03 K NI(

(HSR)

HSR)

xnM IN COI4PUTIItG CONV. NO. 6, MASS FRACTION SUf4 z 1._0184E4-00 ON ITERATION NO. 1 1IX
TEI_ERATURE = 1.15180E4"03 K, HASS FLOH RAT[ -" S.60000E+OZ O'S

SlE RESTARTt IIA5S FLON RATE = I.IZOOOE4"03 GIS, TE]qPERATUItE • 1.70510E*03 K X)

_HSR)

_HSR)

:LSENS)

xHx IN COMPUTING CORV. HO. 6, MASS FRACTION SUI'I : 1.4OOZBE*O0 ON ]TERATZOH NO. I Nxx
TEMPERATURE : 1.14817E+03 K, HASS FLON RATE : 1.12000E+03 G/S

xx_ ABOVE PRO)LEH ENCOUNTERED 4 TIMES Ioex
PSR SOLUTION ABANDONED

A FATAL ERROR HAS OCCURRED - CASE T[RIqINATED

74



CC

TABLE A.7.--COMPUTEDRESULTS FORTE ST CASE 6 (PROPANE-AIR PSR CASE

WITH GLOBAL REACTIONMECHANISMMODIFIEDFROMCASE 5)

Ix DATA LINES xM

1 2 S 4 5 6 7 B
_234_67_9_234567_36_67_90_23456789_23_6789_2_r_7_9_23¢567_9_236_67_9_

ALL GLOBAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION
CHANGE

APtyPa global:.tPuQ.egPonLy:._PuI.s glch_lg:.t_ue.a

ADD

gladd : .true., mrprev : ._ilse., Send
N2 ÷ 02 •2.0 NO

1. 1. 4.00E÷14 .03 100000.
BLANK LINE -

H20 ÷ O • H2 + 02
1. 1. 4.90E+10 .1B -510.

END
AR
TIME CSH8

Sprob &end
&l_prob

delmd: 200., dotuax: 1500.,mpr=2,
volume:ZSO0., &end

&start t: 800.,p:S.5,mdot: 100., &end
02 .193301
N2 .720502
CSH8 .0773205
AR .0088765
END
FINIS

LEHIS SENSITIVITY AND GENERAL KINETICS PROGRAM

CASE 6

NASA LEHIS RESEARCH CENTER

ALL GLOBAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION CASE 6

NUMBER

1
2
3
4
5
6
7
8
9

lO
11
12
13

REACTION
NUMBER

1
2
3
4
5
6
7.
8
9

10
11
12
13
1¢

1.OIOH

XN_ GLOBAL REACTIONS It_K

REACTION

1.OXH2O • 1.0NO • 1.01H2 + 1.0_02
l.OxCO + 1.0NH20 > 1.01C02 ÷ 1.0eH2
I.OMCO2 ÷ 1.0_N2 > 1.0xCO ÷ 1.O_HZO
I.ONN2 ÷ 1.0102 • 2.0MHO

2.OXNG • l. OXN2 ÷ 1.0_02
1.OiCN ÷ 2.0NO • 1.0UNO _ 1.O_CO
1.O_CN • 1.0XNO • 2.OxCO + 1.0_N2
2.01CH2 ÷ 1.0IN2 • 2.OXCN + 2.0xH2
1.01CH2 • 1.0x02 • 1.OxCO * 1.0XH20
1.ON02 ÷ 1.01C3N8 • 3.O_CH2 ÷ 2.0_0H
1.ONH2 + 1.010Z • 2.OXOH
1.0MC3H8 ÷ 2.0MOH • 1.0xN20 + 1.0_C3HB
1.0MH2 • I.OM02 • 1.0MH20 + 1.0_0
I.OMHZO ÷ I.OMO • 1.0XN2 + 1.0_02

+ 1.0_0
+ I.OMOH

REACTANT EXPONENTS REACTION RATE VARIABLES
REXP I REXP 2 REXP 3 A N

0.000 1.000 1.000 4.90000E+10 0.1800
0.000 l. O00 1.000 1.30000E÷05 1.3100
O.O00 1.000 1.000 4.41000E+10 0.1900
0.000 1.000 1.000 _.O0000E+L_ 0.0300
0.000 O.O00 2.000 2.00000E+11 0.0000
0.000 1.000 1.000 8.30000E+11 0.0000
O.O00 1.000 1.000 1.25000E÷12 0.0000
0.000 l.OOO 1.000 5.00000E+13 0.0000
0.000 1.000 0.500 3.50000E+07 0.0000
0.000 1.600 0.100 1.10000E+12 0.0000
0.000 1.000 1.000 1.OO000E+OQ 0.0000
0.000 0.150 1.000 1.98000E+06 0.0000
1.000 0.000 1.000 9.60000E+11 -0.1000
0.000 1.000 1.O00 4.90000E+10 0.1000

)m HEN INPUT DATA GIVEN IN COS UNITS MN _! OUTPUT REQUIRED IN COS UNITS E_

ACTIVATION
ENERGY

-510.00
-7000.00

3527.00
100000.00

38000.00
0.00
0.00

5_000.00
5000.00

_1000.00
_9080.00

_000.00
1013.00
-510.00

_! ASSIGNED VARIABLE PROFILE _

HELL - STIRRED REACTOR CASE

VOLUME OF REACTOR : 2.50000E+03 CRux3
MASS FLOkl RATE TO START ITERATION : 1.BOOOOE+O2 (3/5

ASSIGNED MASS FLOH RATE PROBLEH_ MASS FLOH RATE INCREMENT : Z.00000E+02 G/S
MAXIMUM MASS FLOH RATE = 1.SO000E+03 O'S

NUHBER OF REACTING SPECIES t 12

HUMBER OF INERT SPECIES, 1
_x INITIAL CONDITIONS _
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TABI._ A.7.--Continued.

TIME 0.00000E÷00 SEC AREA 0.00000E+00 SO C:14 AXIAL POSITION 0.00000E400 CM

FLOH PROPERTIES

PRESSURE
(ATM)

VELOCITY
(CK/SEC)

DENSITY
( 8,,CM_xS )

TEMPERATURE
(DEO IC)

MASS FLOH RATE
(G/SEC)

ENTROPY
(CALIG/DEO K)

HACN NUMBER

GAMMA

ENTHALPY
(CAL/G)

SP. HEAT (CP)
(CAL/G/DEO K)

S.SO000

0.00

Z.52469E-03

800.00

1.00000E+02

1.8096

0.0000

1.2519

8.37665E+01

3.27783E-01

INTEGRATION INDICATORS

STEPS FROM LAST PRINT 0

AVERAGE STEP SIZE O.O0000E+O0

METHOD ORDER 0

TOTAL NUMBER OF STEPS 0

FUNCT EVALUATIONS 0

JACOBIAN EVALUATIONS 0

CHEMICAL PROPERTIES

3PECIES CORCENTRATIOH MOLE FRACTION
(MOLES/CMMX3)

H20 O.O0000E+O0 O.O0000E+O0
0 0.00000E+00 0.O0000E÷O0
H2 0.00000E+00 O.O00OOE+O0
02 1.61956E-05 1.93301E-01
CO O.O0000E÷O0 0.00000E_00
C02 0.00000E+00 0.00000E÷00
N2 6.03667E-05 7.20502E-01
NO 0.00000E+00 O.O0000E÷O0
CN O.O0000E+O0 O.OOO00E*O0
CHZ 0.00000E+00 0.00000E÷00
CSH8 6.47824E-06 7.73205E-02
OH 0.00000E+00 0.00000E÷00
AR 7.qS711E-07 8.87650E-03

MIXTURE MOLECULAR HEIGHT 30.1332S

NET SPECIES PROD4)CTIOH REACTION RATE CONST
RATE (MOLFJCM_N3/SEC) NUMBER COS UNITS

0.00000E÷00 1 2.2495E+11
O.00000E÷O0 2 6.7500E+10
O.00000E÷O0 S 1.7080E+10

-q.SS833E-08 q 2.3_65E-13
0.00000E÷O0 5 8.3)60E,00
0.00000E+00 6 8.3000E+n

-2.29416E-22 7 1.2500E÷12
4.58832E-22 8 8.8483E-02
0.00000E÷00 9 1.5071E*06
1.36150E-07 10 6.9297E_00

-q.53833E-08 11 S.9081E-lq
9.07666E-08 12 1.5992E+05
0.00000[÷00 I5 2.6015E,11

14 Z.2495E+11

TOTAL ENERGY EXCHANGE RATE O.OOO00E_O0
(CAL-CNJin3/Glx2/SEC)

NET REACTION CONV RATE HET RATE/POSI-
(MOLE-CMxN3/OEXZ/SEC) TIVE OIR RATE

0.00000E÷00 0.00000
0.00000E+00 0.00000
0.00000E÷00 0.00000
3.$9921E-17 1.00000
0.00000E÷00 0.00000
0.00000E_00 0.00000
O.00000E÷O0 0.00000
O.O0000E*O0 0.00000
O.O0000E÷O0 0.00000
7.11909E-05 1.00000
O.O0000E÷O0 0,00000
O.OOO00E÷00 0.00000
0.00000E+00 0.00000
0.00000E+00 0.00000

MASS FRACTION SUM 1.00000000

C1PU TIME FOR INITIALIZATION OF LSENS : 0.150000 S

mXEQUILI|RIUM CONDITIONS IM

TIME 0.00000E÷00 SEC AREA O.O0000E*O0 SQ CM AXIAL POSITION 0.00000E+00 CH

FLON PROPERTIES

PRESSURE
(ATM)

VELOCITY
(C_SEC)

DENSITY
(O/CMI_3)

TB4PERATURE
(DEO K)

)lASS FLOH RATE
(O/SEC)

ENTROPY
(CAL/G/DEO K)

NACH NUM|EN

GAMMA

ENTHAL PY
(CAL/G)

SP. HEAT (CP)
(CAL/G/DEO K)

S.S0000

0.00

7.86509E-04

2021.03

1.00000E+0Z

2.4443

0.0000

1.28Z0

8.37664E+01

3.80893E-01

INTEGRATION INDICATORS

STEPS FROM LAST PRINT

AVERAOE STEP SIZE

METHOD ORDER

TOTAL MUMDER OF STEPS

FUNCT EVALUATIONS

JACOOIAN EVALUATIONS

0

0. O0000E+O0

0

CHEMICAL PROPERTIES

SPECIES COHCENTRATIOII MOLE FRACTION
(MOLES/CMnx3)

H20 5.26171E-06 9.83480E-02
0 1.07090E-12 3.22900E-08
H2 4.81052E-06 1.450¢8E-01
02 7.86509E-lq Z.371SIE-09
CO 5.28064E-06 1.59223E-01
COZ 7.73802E-07 2.33319E-02
N2 1.88058E-05 5.47039E-01
NO 4.8S659E-11 1.45834E-06
CN 7.86509E-14 2.37151E-09
CHZ 7.86509E-1¢ 2.371SIE-09
CSH8 7.86509E-lq 2.371SIE-09
OH 7.12552E-10 Z.17806E-05
AR 2.51616E-07 6.98587E-03

MIXTURE MOLECULAR HEIGHT Z3.71507

NET SPECIES PROD(JCTION REACTION RATE CONST
RATE (NOLFJCI_13/SEC) NUMBER COS UNITS

1.59423E-02 1 2.1895E+11
4.18810E-06 2 1.5493E+10

-1.5936SE-02 S 7.7821E+10
1.529.T_E-06 _ 7.7170E+03
1.59381E-02 5 1.$552E+07

-1.59.381E-02 6 8.3000E+11
-1.022SSE-10 7 1.2500E_12
-4.7350SE-12 8 7.2365E+07

2.09245E-10 9 1.0078E+07
-2.14286E-10 10 q,0327E+07
-2.14013E-15 11 4.9272E-06
-I.14SSSE-OS 12 7.3133E+05

0.0000BE÷00 13 3.4847E+11
14 2.1895E+11

TOTAL ENERGY EXCHANOE RATE O.O0000E+O0
(CAL-CM1_3/G_XZ/SEC)

NET REACTION CONV RATE
(MOLE-CMMKS/Onx2,,'SEC)

1.Z_3SE+O0
_.42519E+05
4.68284E+05
1.8_517E-08
5.88118E-08
1.13011E-07
7.68_80E-06
1.73029E-04
3.$9358E-07
3.4596SE-09
3.01360E-18
9.ZqZ95E+00
3.20048E-05
1.Z363SE+O0

MASS FRACTION SUM

NET RATE/POSI-
TIVE DIR RATE

1.00000
1.00000
1.00000
1.00000
1.0OOOO
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000

1.00000009
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TABLE A.7.--Continued.

COMPUTATIONAL HORK REQUIRED FOR EQUILIBRIUM CALCULATION:
NO. OF ITERATIONS : 12 CPU TIME = 1.666641E-02 S

INITIAL ESTIMATES (SIGMAS) AT TEHPERATURE • 2021.03 K,

HID 4.14707E-03
0 1.36158E-09
H2 6.11629E-03
02 1.00000E-10
CO 6.71402E-03
C02 9.83843E-04
N2 2.39105E-02
NO 6.14944E-OB
CN I.O0000E-IO
CH2 I.O0000E-IO
C3H8 1.00000E-10
OH 9.18427E-07
AR 2.94575E-04

HELLSTIRRED REACTOR CALCULATION .... ALL GLOBAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTION

PRESSURE ATM
TEMP. DEG K
ENTROPY CAL/GM/K
DENSITY GM/CMXI$
ENTHALPY CAL/GH
SP. HEAT (CP) CAL/GM/K
HOL. HT. OF HIXT
GAMMA

CASE 6

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

5.50000 5.50000 1.00000
800.000 1934.60 2.41824
1.80955 2.38309 1.31695
2.52469E-03 B.59087E-O4 0.34027
83.7665 83.7665 1.00000
3.27783E-01 3.81218E-01 1.16302

30.1332 24.7956
1.2519 1.2662

SPECIES

H20
0
H2
02
CO
C02
N2
NO
CN
CH2
CSH8
ON
AR

VOLUME 2500.00

IqDOT/VOLUME •

MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

O.O@O00E+O0
O.O@O00E+OO
O.OOO@OE+O0
1.93301E-01
O.O0000E+OO
O.O00@OE+O0
7.20502E-01
O.O0008E+O0
O.O000OE+OO
O.O000OE+O0
7.73205E-02
O.O0000E+o0
8.87650E-03

CM_X3 MASS FLO

0.04000 RESIDENCE TIME •

O.OO000E÷O0 1.22126E-01 8.8730_E-02
O.O0000E+O0 1.84123E-06 1.18BOSE-06
O.O0000E÷O0 1.02900E-01 8.$6539E-03
2.05268E-01 5.22441E-03 6.74211E-03
O.O0000E+00 1.22134E-01 1.37969E-01
O.O00OOE÷OO 3.16861E-02 5.62397E-02
6.69815E-01 5.85567E-01 6.61558E-01
O.OOOOOE÷O0 1.22333E-06 1.48040E-06
O.OOOOOE÷O0 1.46165E-02 1.53569E-02
O.OOO00E_O0 1.38_15E-03 7.83007E-0_
1.13149E-01 7.01732E-03 1.24795E-02
O.O0000E÷O0 $.69905E-05 2.53717E-05
1.17677E-02 7.50416E-03 1.17677E-02

100.000 OH/SEC

21.477 HSEC ITERATIONS = 14

m_x FOR CONV. NO. 2, CONVERGED TE]_P. (AFTER 5 ITERATIONS) IS
MASS FLON RATE = 3.0OO00E+02 G/S, TEMPERATURE = 1.94931E+05

ll 'RF_TART_ MASS FLOM RATE = 2.00000E+02 G/S, TEMPERATURE =

GREATER THAN OR EQUAL TO THE PREVIOUS TEMP. xxn
K, PREVIOUS TEMPERATURE = 1.93_60E+03 K

2.02103E÷03 K XK

xxt FOR COHV. NO. 1, CONVERGED TEMP. (AFTER 13 ITERATIONS) IS
MASS FLOM RATE z 2.00000E+02 G/S, TEMPERATURE : 1.9469_E÷03

_M RE,START, MASS FLOH RATE = 4.00000E+02 O'S, TEMPERATURE "

GREATER THAN OR EQUAL TO THE PREVIOUS TEMP. Xl_
K, PREVIOUS TEMPERATURE = 1.95460E÷03 K

2.02103E÷03 K N_

CHSR)

(NSR)

EMn FOR CONV. NO. 1, CONVERGED TE)NP. (AFTER 13 ITERATIONS) IS OREATER THAN OR EQUAL TO THE PREVIOUS TEMP. )Lql
MASS FLOH RATE : 4.00000E÷02 G/S, TEHPERATURE : 1.94721E+03 K, PREVIOUS TEMPERATURE : 1.93460E+03 K

ix RESTART, MASS FLOH RATE • 8.00000E+02 O/S, TEMPERATURE • 2.02103E÷03 K IN

NELLSTIRRED REACTOR CALCULATION .... ALL GLOBAL REACTIONS - CHAHOE AND ADD ONE GLOBAL REACTION CASE 6

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM 5.50000 5.50000 1.00000
TEMP. DEO K 800.000 1916.92 2.39616
ENTROPY CAL/GIA/K 1.80955 2.34918 1.29821
DENSITY GM/CJqX_3 2.52469E-03 8.$B94BE-Oq 0.35210
EHTHALPY CAL/GM 83.7665 83.7865 1.00000
SP. HEAT (CP) CAL/GIq/K 3.27783E-01 3.82830E-01 1.16794
MOL. lIT. OF MIXT 30.1332 25.4231
GAMMA 1.2519 1.2566

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

HI0 O.O0000E÷O0 O.O0000E+O0 1.12731E-OL 7.98830E-02
0 O.O0000E÷O0 O.O00OOE÷O0 3.61974E-05 2.27779E-05
H2 O.O00OOE÷O0 O.OOO00E÷O0 8.72016E-02 6.91422E-03
02 1.93301E-01 2.05268E-01 1.79598E-02 2.26050E-02
CO O.OOOOOE*O0 O.O0000E+O0 1.12675E-01 1.2¢142E-01
C02 O.O00OOE+O0 O.O00OOE÷O0 3.22747E-02 5.58705E-02
N2 7.20502E-01 6.69815E-01 6.06071E-01 6.67822E-01
NO O.O00OOE÷O0 O.O0000E+O0 2.39898E-05 2.B3144E-O5
CH O.00000E_O0 O.O0000E+O0 3.59355E-0_ 3.67759E-03
CH2 O.OOO00E÷O0 O.O000OE+O0 5.97986E-03 3.29930E-03
CSH8 7.73205E-02 1.13149E-01 1.37268E-02 2.38090E-02
OH O.O00OOE+O0 O.O0000E÷O0 2.36778E-04 1.5839BE-04
AR 8.87650E-03 1.17677E-02 7._8901E-05 1.17677E-02
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TABLE A.7.---Concludcd.

VOLUME 2500.00 CIq_X$ MASS FLO 800,000 GIVSEC

MDOT/VOLUME • 0.52000 RESIDENCE TIME • 2.778 NSEC ITERATIONS • 18

HELLSTIRRED REACTOR CALCULATION .... ALL GLOUL REACTIONS - CHAHGE AND ADD ONE GLO)AL REACTZOH CASE 6

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM S.SO000 S.SO0@O 1.00000
TEMP. DEO K 800.000 1825.55 2.28194
ENTROPY CAL/OH,,'K 1.80955 2.51250 1.27794
DENSITY GM/CNll3 2.52469E-03 9.48045E-04 0.37551
ENTHALPY CAL/GH 83.7665 83.7665 1.00000
SP. HEAT (C °) CAL/GH/K 3.27783E-01 3.81622E-01 1.16425
HOL. liT. OF HIXT 30.1332 25.8208
GANHA 1.2519 1.2526

SPECIES HOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

H20 O.00000E+O0 O.O00OOE÷O0 1.02509E-01 7,15205E-02
0 O.O0000E+O0 O.O0000E÷O0 9.95720E-O5 6.16984E-05
H2 0.80000E÷00 O.O0000E_O0 7.97738E-02 6.22784E-03
02 1.03301E-01 2.05268E-01 3.13087E-02 3.87997E-02
CO O.O0000E÷O0 O,O0000E+O0 1.02345E-01 1.11024E-01
C02 O.O0000E÷O0 O.O0000E+O0 3.16403E-02 S.3gZ86E-02
H2 7.ZO$OZE-01 6.69815E-01 6.16901E-01 6.69284E-01
NO O.O0000E+O0 O.O0000E÷O0 6.52160E-05 7.$7868E005
CH O.O0000E+O0 O.O0000E÷O0 9.13986E-04 9.20954E-04
CH2 O.O0000E*O0 O.OO000E÷O0 7.78644E-03 A.22987E-03
CSH8 7.73205E-02 1.13149E-01 1.66930E-02 3.19235E-@Z
OH 0.00000E*00 O.O0000E÷O0 3.57854E-04 2.35706E-04
AR 8.87650E-03 1.17677E-OZ 7.60617E-03 1.17677E-OZ

VOLUME 2500.00 CMJm3 MASS FLO 1400.00 GFVSEC

MDOT/VOLUNE • 0.56000 RESZDEHCE TIME z 1.693 HSEC ITERATIONS • 3

NELLSTZRRED REACTOR CALCULATZOH .... ALL GLOJAL REACTIONS - CHANGE AND ADD ONE GLOBAL REACTZOH CASE 6

ZNZTZAL STATE FINAL STATE FZHA_/ZHITZAL RATIO

PRESSURE ATN S.50000 5.50000 1.00000
TEMP. DEO R 800.000 1802.65 Z.ZSSSZ
ENTROPY CAL/OIq/K 1.80955 2.30347 1.27295
DENSZTY GIA/CH_3 2.52469E-03 9.63528E-04 0.38164
EMTHALPY CAL/G/4 83.7665 83.7665 1.00000
SP. HEAT (CP) CAL/GM/K 3.27783E-01 S.81Zq6E-01 1.16310
HOL. HT. OF HIXT 30.1332 25.9133
GAMMA 1.2519 1.2518

SPECIES MOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

HI0 O.O000OE+O0 O.OO000E+O0 1,00036E-01 6.95061E-02
0 O.O0000E+O0 O.O0000E÷O0 X.XSqX7E-04 ?.12606E-05
H2 O.O0000E÷O0 O.O0080E÷O| 7.SZ73QE-02 6.088gOE-03
02 1.93301E-01 2.05268E-01 3.46090E-02 4.27376E-02
CO O.O0000E÷O0 O.00000E_O0 9.98Q6¢E-02 1.07927E-01
C02 O.O0000E÷O@ O.O0000E÷O0 3.13991E-02 5.33265E-02
H2 7,20502E-01 6.69815E-01 6.19230E-01 6.69qlAE-01
NO O.O0000E_O0 O.OO000E+O0 7.$1¢65E-03 8.70)53E-05
CH O.O00OOE_O0 0,00000E÷00 6.66080E-OQ 6.69667E-OQ
CH2 O.00000E_O0 0.00000E÷00 7.83380E-03 4.24041E-03
CSH8 7.TSZOSE-OZ 1.131q9E-01 1.99102E-OZ 3.3880gE-02
OH 0.00000E+00 0.00800E+00 3.70383E-OQ Z.43088E-04
AR 8.87650E-03 1.17677E-OZ 7.63341E-03 1.17677E-02

VOLUME 2500.00 CMXX3 MASS FLO 1500.00 GM/SEC

flDQT/VOLUI_ = 0.60000 flESZDENCE TIME = 1.606 NSEC ITERATIONS = 3

COMPUTATIONAL MURK REQUIRE) FOR PSR CALCULATION,
NO. OF :TERAT|OHS : 72 CPU TIME : 8.666668E-01S

(LSENS) END OF THIS CASE

TOTAL CPU TIME (IHCLUDZNG I/O) REQUIRED = 1.050000 S

(LSENS) READ DATA FOR NEXT CASE
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REACTION
HUYlSER

1
2
.3
4
5
6
7
IS
9

10
11
12
15
14
15
16
17
18
19
20

N(H2
M(02
M(H2
M(H2

NUMBER

21
22
25
24
25
26

CC

TABLE A.8.--COMPUTED RESULTS FOR TEST CASE 7 (PROPANE-AIR PSR PROBLEM

WITH MOLECULAR REACTIONS ADDED TO GLOBAL MECHANISM OF CASE 6)

K_ DATA LINES _N

1 2 5 4 5 6 7 8
125_56789_1254567_9_1234567_9_12_456789_123456789_1234567_9_12_4567_90_254567_9_

GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED CASE 7
ADD

&rtypo globml=.true.,gronly=.false., mrprov = .false.,
mradd:.true., &end

0 + HI0 = OH + Off 6.8E+13 O.
H + 02 = OH + O 1.89E+14 O.
0 + N2 z OH + N _.20E+14 O.
H + HO2 = H2 + 02 7.28E+15 O.
0 + H02 = OH + 02 5.0E*]$ O.
H02 * ON H20 + 02 B.OE÷12 O.
H + HO2 =2.OOH 1.54E_14 O.
N2 + NO2 = H202 + H 7.91E+15 O.
OH + H202 : H20 + NO2 6.1E*12 O.
H02 ÷ H02 = H202 • 02 1.8E÷12 O.
H + H202 OH + H20 7.BE+11 O.
M + H202 =2.00N 1.44E+1? O.
THIRDBODY

H2 2.30 02
END

H2 ÷ ON : HI0
H + 02 = flO2
THIRD|ODY

02 1.30 N2
END

M • f120 : H
THIRDBODY

H2 4.00 02
END

H * 0 = OH
M + H2 • H
THIRDDODY

H2 4.10 02
END

M + 02 : 0
CO + O > CO2

C02 > CO
END

TIME
BPROB HELSTR =.TRUE., &END
&NSPROB

.78 HZO 6.0 H202

÷ H 4.74E+13 O.
N 1.46E+15 O.

1.3 H20 21.3 H2

+ OH 1.50Et15 O.

1.5 N20 20.0 H2

+ M 7.1E+lB -1.
+ H 2.2E+14 O.

2.0 HZO 15.0 N2

+ 0 1.80E+10 -1.
B.ASE+09 -.001

+ O 9.08E+18 -1.84-

BLANK LINE -
C3H8

DELMD= 100., DOTMAX = 1160.,MPR=1,
VOLU_E" 500., &END

&START T: BOO.,P:5.5oMDOT: 140.9, era_$o :1.5, scc : 5.0, sch : B.9,
END
FINIS

LENIS SE]ASITIVITY AND OENERAL KINETICS PROGRA/4

18365.
16400.
15750.
2126.
1000.
O.
1070.
25000.
1430.

O.
O.

45510.

6.6

6090.
-1000.

3.0

105140.

1.5

O.
96000.

2.0

118020.
1000.
150754.

SEND

NASA LENI$ RESEARCH CENTER

GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED CASE 7

lxO
lXH
)xO
lxH
IMO
l_HO2
I_H
lIH2
lXOH

lXN
M

1_H2
l_N

M
lxM

M
M

1MCO

REACTION

+ llH2O : 2_OH
÷ 1xO2 = 1MOH + 1_0
÷ 1MH2 • lXOH + lmH
• lxHO2 : lxH2 + llO2
• lXH02 : 1MOH + lX02
+ lxOH • lxN20 * 1M02
• lXHO2 : 2XOH

lXHO2 : lXN202 + 1MH
lXHZO2 : IwH20 + 1NHOZ
2XH02 : IIH2O2 + 1MO2

÷ 1_H202 = lXOH + 1KH20
• 11H202 : 210H
+ lmOH lXH20 t 1KH

1s02 : INH02 ÷ M
+ 1_H20 : lmH ÷ lXOH
+ 1_0 : I_OH t M
+ lXHZ 2_H
+ 1102 : 2xO
+ INO • IMCOZ

IMC02 • IMCO ÷ 1_0

REACTION RATE VARIABLES
A N

6.80000E÷13 0.0000
1.89000E÷14 0.0000
4.20000E_14 0.0000
7.28000E_13 O.O000
5.00000E÷13 0.0000
B.OOOOOE÷12 0.0000
1.34000E÷14 O.O000
7.91000E÷L3 O.O000
6.10000E÷12 0.0000
1.80000E÷12 0.0000
7.80000E÷11 0.0000
1.44000E÷17 0.0000
4.74000E÷15 0.0000
1.46000E+15 0.0000
1.30000E+15 0.0000
7.10000E÷10 -1.0000
2.20000E_14 0.0000
1.80000E+18 -1.0000
B.43000E*09 -0.0010
9.08000E+18 -1.8_00

ACTIVATION
ENENOY

18365.00
16400.00
13750.00

2126.00
1000.00

0.00
1070.00

25000.00
1430.00

0.00
0.00

45510.00
609B.00

-1000.00
105140.00

0.00
96000.00

118020.00
1000.00

130754.00

ALL THIRD aODY RATIOS ARE 1.0 EXCEIPT THE FOLLONINO

• 12) : 2.30000
, 14) = 1.50000
• 15) = 4.00000
, 17) : 4.10000

M(O2 , 12) = O.7BO00 RCH20 , 12) : 6.00000
M(H2 , 14) • 1.50000 M(H20 , 14) = 21.50000
N(02 , 15) • 1.50000 MCH20 , 15) : 20.00000
MCO2 , 17) = 2.00000 MCH20 , 17) : 15.00000

R(HZO2
M(N2
HCN2
M(N2

• 12) =
• 14) :
, 15) "
• 17) :

6,60000
5.00000
1.50000
2.00000

H_ GLOBAL REACTIONS _e

REACTION

1.0_H20
I.ONCO
1.0_C02
1.0_N2

1.O_CN

+ 1.0_0
+ 1.0_H20
+ 1.0_H2
+ 1.0_02

Z.O_NO
+ 2.0_0

> l. OsN2
> I.O_C02
> l. OxCO
• 2.O_NO
• 1.OxN2
> 1.OaHO

+ 1.0_02
+ 1.0_H2
+ 1.0XHZO

+ 1.0sOZ
÷ 1.0_C0
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27
28
29
30
31
32
33
34,

REACTION
NLMDER

21
22
23
2q
25
26
27
2O
29
30
31
32
3_
34

1. OJ(OH

TABLE A.8.--Continued.

1. Omen 4. 1. OINO > 1. OJ¢O + 1. O_N2
2. ONCH2 + 1. OMN2 • 2. OJICN + 2. OXH2
1. OXCH2 + 1. ONOZ • 1. O_CO + 1. OxH20
1. O_QZ 4. 1. OJtCSHS > 3.01CH2 + 2. O_OH
1. OJfltZ 4. 1.0602 > 2. OXOH
1. OJlCSH8 + Z. ONON • 1. ONH20 4. 1. OJiCSH8 4- 1. OMO

4- I. OJq12 + 1. OwOZ • 1. OIH20 + 1. OJO + 1. OlOH
1. IlJlll2O 4. 1. OXO > 1. Oxl.12 + 1.0102

REACTANT EXPONENTS REACTION RATE VARIABLES
REXP I REXP 2 REXP S A N ACTIVATION

ECNEROY
O.OOO 1.000 1.000 4.90000E+10 0.1809 -510.00
O.OOO l.OOB 1.000 1.$0000E+05 1.3100 -7000.00
0.000 1.000 1.000 q.qXOOOE+iO 0.1900 3527.00
0.000 1.000 1.000 4.00000E+14 0.0300 100000.00
0.000 O.O00 2.000 2.00000E+11 0.0000 38000.00
0.000 1.000 1.eo0 8.30000E+11 0.0000 0.00
O.OOO I.O00 1.000 1.23000E÷12 0.0000 0.00
0.000 1.000 1.000 3.00000E4.13 O.O00O 5qooo.oe
0.000 1.000 o.soo 3.50000E÷07 0.0000 5000.00
O.OOO 1.600 O.LOO 1.IOOOOE+IZ O.O00O 41000.00
0.000 1.000 1.000 1.OO000E+O0 O.OOOO 49080.00
0.000 0.160 1.000 1.98000E4.06 0.0000 4000.00
I.OO0 O.OOO 1.000 g.60000E4.11 -0.1000 1013.00
O.BO0 1.000 ].OOO 4.90000E4.10 0.1000 -SlO.O0

IR MEN INPUT DATA OIVEN XN C05 UNITS ml n OUTPUT REQUIRED IN CGS UNITS xx

xx ASSIGNED VARIABLE PROFILE iN

NELL - STIRRED REACTOR CASE

VOLUME OF REACTOR = S.OOBOOE+02 C:qgmS
MASS FLON RATE TO START ITERATION = 1._0000E4-02 O'S

ASSIGNED MASS FLDH RATE PROSLEM, MASS FLON RATE INCREMENT : 1.OO000E+OZ G/S
HAXINUM MASS FLON RATE : 1.16000E4-03 O'S

SPECIES

NZO
0
N2
OZ
CO
COZ
N2
NO
CN
CK2
CSHO
OH
H
HO2
HZO2
AR

FUEL-AIR REACTION, FUEL-AIR EQUIVALENCE RATIO : 1.5000

HUMBER OF REACTING SPECIES,

NUMBER OF INERT 5PECIESt

H INITIAL CONDITIONS IR

TIHE O.O00OOE+O0 SEC AREA O.O0000E4.00 Sq (Sq

FLOH PROPERTIES

PRESSURE S.SO000
(ATH)

VELOCITY O.O|
(CH/SEC)

DENSITY 2.50173E-03
(O'C141_31

TEMPERATURE 800.00
(BEG K)

MASS FLON RATE 1.qOOOOE4.02
(O'SEC)

ENTROPY 1.8011
(CAL/O/DEG K)

MACH NUIqDER 0.0000

GAMMA 1.2701

ENTHALPY 9.23468E4.01
(CAL/GI

SF. HEAT (C1P) 3.1_948E-01
(CAL/G/DEG K)

CHEMICAL PROPERTIES

CONCENTRATION
(MOLES/CMxN3)

0.00000E÷00
O.B0000E÷OO
O.O0000E+OO
1.63148E-05
O.O000OE÷O0
Z.36495E-08
6.15566E-05
O.O0000E4.0O
O.OO000E÷O0
O.OO000E÷00
_.95¢45E-06
0.00000E4.00
0.00000E+00
0.00000E÷00
O.O0000E÷00
7.3.696E-07

MOLE FRACTZON

0.00000E4.00
O.O0000E4.00
0.00000E4.00
1.97112E-01
O.O0000E+O0
Z.OZZ64E-04
7.Sq704E-OL
O.O00OOE4-OO
O.@O000E4.00
O.O0000E4-00
5.91535E-02
0.00000E+00
0.00000E4-00
O.OOOOOE+O0
O.O0000E4-00
0.76890E-03

NET'SPECIES PRODUCTION REACTION
RATE CMOLF./CM_U3/SEC) NUMBER

O.O0000E+O0 1
3.J7038E-26 2
O.OO000E4.00 S

-_.SSB42E-OB q
1.86163E-30 S

-1.86165E-$0 6
-2.385q9E-22 7

q.77099E-22 A
0.00000E+00 9
1.36733E-07 10

-4.55842E-08 11
9.11685E-08 12
O.OOO00E+00 13
o.eo000E+00 14
O.O0000E4-00 15
0.00000E4-00 16

17
18

OXYOEN FRACTION IN AIR =

IS

1

0.2093

AXIAL POSITION 0.00000E4-00 C_4

INTEGRATION INDICATORS

STEPS FROM LAST PRINT 0

AVERAGE STEP SIZE O.O000|E4-00

METHOD ORDER 0

TOTAL NUMBER OF STEPS 0

FUHCT EVALUATIONS 0

JACOBZAN EVALUATIONS 0

RATE CONST NET REACTION CONV RATE NET RATE]POSZ-
COS UNITS (I'IOLE--CMXSS,+'OnXZ,,"SEC) TZVE DIN RATE

6.5377E4.08 0.00000E+00 0.00000,
6.ZS4SE*09 O.O00OOE+IO O.OO000.
7.3608E4.10 O.O0000E4.IO 0.00000
1.9113E÷13 O.O0000E+O0 0.00000
2.6655E+13 0.00000E+00 0.00000
8.0000E4-12 0.@0000E÷00 O.O0000L
6.8359E013- O.00000E+O0 O.O0000t
1.1708E4-07 O.O0000E4-00 0.00000
2.4013E4.)2 O.O0000E4.O0 0.00000
1.8000E012 O.OOO00E4-00 B.O0000
7.8000E4.11 O.00000E+O0 B.O0000,
5.3163E+04 O.O0000E÷O0 O.OOO00
1.0230E÷12 O.O000OE+O0 0.00000
2.7307E4-15 O.OODOOE4-00 0.00000
2.¢606E-14 0.00000E+B0 0.00000
6.8750E+15 0.00000E4-00 0.00000
3.3075E-12 0,00000E+00 O.OOOOO
1.2901E-17 2.83221E-21 1.00000
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MIXTURE MOLECULAR HEIGHT 29.85916

TABLE A.8.--Confinued.

19 _.4641E+09 0.00000E+00
20 7.8718E-23 2.97450E-25
21 2.2_95E÷11 0.00000E÷00
22 6.7500E+10 0.00000E+00
23 1.7000E+10 0.00000E+00
24 2.3465E-13 3.81152E-17
25 0.3160E*00 0.00000E÷00
26 8.SO00E+ll 0.00000E÷00
27 1.2500E+12 0.00000E+00
28 8.0483E-02 0.00000E÷00
29 1.5071E+06 0.00000E+00
30 6.9297E+00 7.28341E-05
31 3.9081E-14 0.00000E+00
32 1.5992E+05 0.00000E+00
35 2.6015E+11 0.00000E+00
34 2.2495E+11 0.00000E+00

TOTAL ENERGY EXCHANGE RATE $.39759E-16 MASS FRACTION SUM
(CAL-CHx_S/G_xZ,'SEC)

CPU TIME FOR INITIALIZATION OF LSENS = 0.516666 S

IXEgUZLIBRIUM COHDZT|ONS S_

TIME 0.00000E÷00 5E¢

FLON PROPERTIES

PRESSURE
(ATM)

VELOCITY
(CH/SEC)

OENSlrTy
( G/CMx! $ )

TEMPERATURE
(DEO K)

MASS FLOH RATE
(G/SEC)

ENTROPY
(CAL/G/DEG K)

MACH NUMDER

GAHIqA

ENTHALPY
(CAL/G)

SP. HEAT (CP)
(CAL/O/DEG K)

SPECIES COHCENTRATIOH MOLE FRACTION
(MOLES/CMNM3)

HZO q.05534E-06 1.42200E-01
0 2.17893E-10 7.64039[-06
H2 1.73940E-06 6.09920E-02
02 2.11927E-10 7.43118E-06
CO 3.10378E-06 1.08834E-01
_02 1.26890E-06 4.44958E-02
N2 1.80796E-05 6.35959E-01
NO 2.64686E-09 9.28118E-05
CH 7.34828E-14 2.57667E-09
CH2 7.34828E-14 2.57667E-09
C3H8 7.34828E-14 2.$7667E-09
OH 1.53281E-08 5.37479E-0_
H 3.72907E-08 1.30759E-05
H02 3.90703E-13 1.37000E-08
H202 7.34828E-14 2.57667E-09
AR 2.15801E-07 7.56703E-03

AREA 0.00000E+00 SQ C/4 AXIAL POSITION

MIXTURE MOLECULAR HEIGHT

5.50000

0.00

7.34828E-04

2350.31

1.40000E+02

2.3604

0.0000

1.2641

9.23460E+01

3.69088E-01

INTEGRATION INDICATORS

STEPS FROM LAST PRINT

AVERAOE STEP SIZE

METHOD ORDER

TOTAL NUMEER OF STEPS

FUNCT EVALUATIONS

JACOBIAN EVALUATIONS

CHEHZCAL PROPERTIES

25.76660

NET SPECIES PRODUCTION REACTION RATE COMST
RATE (MOLE/CMXKS/SEC) NUMBER COS UNITS

8.67144E-03 1 1.3329E÷12
-2.74022E-04 2 5.6424E412
-8.55648E-03 3 z.2nqE+13

3.89333E-04 ¢ 4.6178E+13
8.9_26E-03 5 4.0363E÷13

-8.94626E-03 6 8.0000E÷12
-1.08608E-07 7 1.0656E÷14

8.94819E-10 8 3.7453E_11
2.16320E-07 9 4.4911E+12

-2.04669E-07 10 1.8000E÷12
-2.73798E-09 11 7.8000E,11
-2.76262E-04 12 8.4429E+12

2.13187E-07 13 1.28_5E+13
-1.11365E-07 14 1.8086E÷15

2.33318E-05 15 2.1738E+05
0.00000E÷00 16 5.0209E+15

17 2.6030E+05
18 8.1234E+03
19 6.7526E+09
20 3.9510E+00
21 2.2102E+11
22 1.5172E+10
23 9.0570E+10
24 2.5376E+05
25 $.8546E+07
26 8.3000E+11
27 1.2500E+12
28 4.7603E+00
29 1.1999E÷07
30 3.6939E*00
31 2.7300E-05
32 8.4084E÷05
35 3.$560E,11
34 2.2102E÷11

TOTAL ENERGY EXCHANGE RATE 1.05177E÷05
(CAL-CI_xS/O_2/SEC)

0.00000
1.00000
0.00000
0.00000
0.00000
1.00000
0.00000
0.00000
0.00000
0.00000
0.00000
1.00000
0.00000
0.00000
0.00000
0.00000

CONPUTATZOHAL MORE REQUIRED FOR EgUILI)RIUM CALCULATION_
NO. OF ITERATION5 z 12 CPU TIME = 3.333282E-02 S

1.00000000

0.00000E+00 CM

o

0. 00000E+00

0

MET REACTION CONV RATE NET RATE/POSZ-
(MOLE-CM_3/Ge_Z/SEC) TIVE DIR RATE

-7.60162E-04 0.00000
-2.68460E-05 0.00000
-6.59110E-04 0.00000

1.43082E-06 0.00000
7.03729E-09 0.00000
L.2904_E-07 0.00000

- 2.2_499E-06 0.00000
1.99374E-01 0.42297

-6.86707E-03 0.42297
2.15231E-07 0.42297

-2.90148E-03 0.42297
-4.30001E+01 0.42297

1.94110E-01 0.00000
3.66684E-06 0.00000

05.10833E-04 0.00000
2.93337E-06 0.00000

-2.10296E-04 0.00000
-2.35297E-10 0.00000

8.45730E÷00 1.00000
9.28491E+00 1.00000
3.61677E÷02 1.00000
3.53653E÷05 1.00000
3.70220E÷00 1.00000
1.80064E-03 1.00000
7.59605E-04 1.00000
2.46114E-05 1.00000
4.50252E-04 1.00000
1.17122E-05 1.00000
2.37704E-05 1.00000
5.07039E-03 1.00000
1.86371E-14 1.00000
2.55717E+02 1.00000
2,13927E+00 1.00000
3.61677E+02 1.00000

MASS FRACTION SUM 1.00000010
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(HSR)

CHSR)

TABLE A.8.--Continued.

INITIAL ESTIMATES (SIGMAS) AT TEMPERATURE s

0420 5. SLS76E-03
O 2. 96525E-07
H2 2. 36709E-D3
02 2.88483E-07
CO 4. ZZSS2E-03
C02 1.72687E-03
N2 2. 46038E-02
NO 3.602DLE-06
CN 1. OOOOOE-lO
CH2 1. OOOOOE-IO
C3H8 1.00000E-10
OH 2. 08595E-05
H $. 07475E-05
1402. 5.31605E-10
H202 1. OOOOOE-IO
AR 2. 93675E-04

2350.31 K,

XK! FOR CONV. NO. 1, CONVERGED TE]qP. (AFTER 17 ITERATIONS) IS GREATER THAN OR EQUAL TO THE PREVIOUS TEMP. sRx
HASS FLOH RATE : 1.46000E_02 G/S, TEMPERATURE : 2.A4SSOE+03 K, PREVIOUS TFJ4PERATURE : 2.35031E+03 K

US RESTART, MASS FLON RATE : 2.8OOOOE*02 G/S, TEMPERATURE : 2.33031E+03 g SS

(HSR)

(NSR)

six FOR CONV. NO. 1, CONVERGED TENP. (AFTER 22 ITERATIONS) IS GREATER THAN OR EQUAL TO THE PREVIOUS TEMP. Nix
MASS FLOH RATE • 2.80000E+02 G/S, TEflPERATURE = Z.4119qE*03 K, PREVIOUS TEMPERATURE : 2.3303LE+03 K

xx RESTART_ MASS FLOH RATE m 3.60000E+02 O/S, TEMPERATURE = 2.35031E+03 g xx
HELLSTIERED REACTOR CALCULATION .... GLOBAL AND MOLECULAR REACTIONS; MOLECULAR REACTIONS ADDED CASE 7

INITIAL STATE FINAL STATE FINAL/INITIAL PATIO

PRESSURE ArM 5.SOOOO 3.50000 1.90000
TEMP. DEG g 800.000 2342.87 2.92659
ENTROPY' CAL/OI4,,'K 1.80111 2.25627 1.25271
DENSITY OM/CI_3 2.50173E-03 8.03803E-0¢ 0.32152
ENTHALI_t ' CAL/OH 92.34d_8 92.3468 1.00000
SP. HEAT (CP) CAL/OI_'K 3.12948E-OL 3.76201E-01 1.20112
MOL. NT. OF MIXT 29.8392 28.0978
GAMMA 1.2701 1.2315

SPECIES MOLE FRACT MASS FRACT NOLE FRACT HASS FRACT

HID O.OOOOOE*OO O.OOOOOE÷OO 1.41886E-OL 9.09717E-OZ
0 O.D|OOOE÷O0 D.DOOOOE÷DO 7.86184E-04 4.47668E-0¢
H2 O.OOOOOE÷O0 O.OOOOOE÷OO 6.16159E-03 4.42046E-04
02 L.9711ZE-01 2.LlZ36E-01 1.12341E-02 1.28166E-02
CO O.OODOOE÷O0 O.OOOOOE÷OO L.913qSE-OZ 1.90750E-02
C02 2.82264E-04 4.16032E-04 9.07_99E-02 1.42142E-01
N2 7.34704E-01 6.89288E-01 6.90019E-01 6.87946E-01
NO O.OOOOOE+O0 O.O000OE÷Og 3.92059E-0_ q.18686E-0_
CN O.OOOOOE+O0 0.00000E+00 2.29878E-03 2.1286OE-OS
CH2 O.OOO90E÷OO O.OOOOOE÷OO 6.28177E-03 3.13594E-03
C3H8 5.91335E-02 8.73286E-02 I.DZ4SSE-O2 2.54934E-02
OH O.OOeOOE÷O0 O.OO00OE÷O0 5.27503E-03 3.19292E-03
H O.OOOOOE+O0 0.00000E_00 1.23503[-D3 4.50232E-05
H02 O.OOOOOE+OO O.OOOOOE_OO 8.43037E-06 9.90322E-06
H202 O.OOO00E+00 O.00000E+00 4.4433_E-07 5.37923E-07
AR D.768gOE-03 1.17317E-02 8.25163E-03 1.L7317E-02

VOLUME 500.000 Cflsx3 MASS FLO 560.000 OM/SEC

NDOT/VOLUHE s L.12000 RESIDENCE TIME = 0.718 MSEC ITERATIONS z 17
MOLECULAR REACTIONS) MOLECULAR REACTIONS ADDED CASE 7

FINAL STATE FINAL/INITIAL RATIO

5.50000 1.00000
2192.26 2.7¢032
2.23090 1.23863

8.61027E-04 0.34437
92.3_68 1.00000

3.73834E-01 1.10436
28.1779

1.2325

HELLSTIRRED REACTOR CALCULATION .... OLOBAL AND

INITIAL STATE

PRESSURE ATH 3.$0000
TEMP. DES g 800.000
ENTROPY CAL/OI4/K 1.80111
DENSITY GI_CI_X3 2.50173E-03
ENTHALPY CAL/ON 92.3468
SP. HEAT (CP) CAL/QM/K 3.12948E-01
NOL. HT. OF H3XT 29.8592
GANMA 1.2701

SPECIES HOLE FRACT MASS FRACT MOLE FRACT MASS FRACT

HID 0.0OOOOE+O0 O.000OOE÷OO 1.32976E-01 8.30163E-02
O O.O00OOE÷O0 O.00000E÷OO 1.03¢70E-03 5.98gO8E-04
N2 O.O00OOE÷OO O.00000E÷OO 3.60083E-03 2.57598E-04
02 1.07112E-01 2.11236E-01 2.23110E-02 2.53364E-02
CO O.OOOOOE+O0 O.00000E÷00 1.1695LE-02 1.16256E-02
C02 2.8226_E-04 4.16032E-04 A.D3688E-02 1.38010E-01
N2 7.3470AE-01 6.89_qS8E-OL 6.92306E-01 6.88463E-01
NO O.OOOOOEtOO O.OOOOOE*OO 1.91990E-04 2.04_46E-04
CH O.OOOOOE*OO O.O00OOE÷OO 1.46599E-00 L.3336OE-03
OH2 O.O000OEVO0 O.O0000E÷O0 ).39672E-02 6.95280E-03
C3H8 5.91335E-02 8.73286E-02 1.73936E-02 2.72196E-02
OH O.OODOOE*OO O.O0000E*O0 5.24581E-03 3.16621E-03
H O.00000E÷O0 0.00000E+00 9.30158E-04 3.32733E-03
HO2 O.OOOOOE÷O0 O.OOO00E÷OO 1.68549E-05 1.97_33E-05
H202 0.00000E+00 0.00000E÷00 g.35949E-07 1.12982E-06
AR 8.76890E-03 1.17317E-02 D.Z7313E*03 1.17317E-02

82



TABLE A.8.---Concluded.

VOLUME 500.000 CIT_x3 flASS FLO 1060.00 GfVSEC

MDOT/VOLUME = 2.12000 RESIDENCE TIME : O.qO6 MSEC ITERATIONS :

MELLSTIRRED REACTOR CALCULATION .... GLOBAL AND MOLECULAR REACTIONS; HOLECULAR REACTIOHS ADDED CASE 7

INITIAL STATE FINAL STATE FINAL/INITIAL RATIO

PRESSURE ATM 5.50000 5.SOOO0 1.00000
TE]dP. DEO K 800.000 215q.84 2.69355
ENTROPY CAL/GI_K 1.80111 2.224q0 1.23502
DENSITY Gl_,Cfl_x3 2.50173E-03 8.769q9E-Oq 0.3505_
ENTHALPY CAL/GH 91.$_68 92.3q68 1.00000
SP. HEAT (CP) CALIO/'t/K 3.129A8E-01 3.73152E-01 1.19238
HOL. kiT. OF HIXT 29.8592 28.1927
GAMt4A 1.2701 1.2329

SPECIES HOLE FRACT MASS FRACT HOLE FRACT HASS FRACT

H20 O.OOO00E÷O0 @.80000E÷OO 1.307q3E-01 8.35_51E-02
0 O.O0000E÷O0 @.O0000E÷O0 1.07475E-03 6.09921E-0_
H2 O.OOOOOE+O0 O.OOOOOE÷O8 3.10814E-03 2.22234E-04
02 1.97112E-01 2.11236E-01 2.54944E-02 2.89362E-02
CO O.OOO00E+O0 O.OOOOOE+OO 1.07071E-02 1.06379E-02
C02 2.B226qE-04 q.16032E-O_ 8.70521E-02 1.35891E-01
N2 7.3_704E-01 6.89288E-01 6.93073E-01 6.88665E-01
NO O.O00OOE÷OO O.O00OOE÷O0 2.1_869E-05 2.28689E-05
CH O.O0000E+O0 O.OOOOOE÷OO 1.231qqE-O$ l.l$BqqE-03
CH2 O.O00OOE+OO O.OOOOOE÷O0 1.55465E-02 7.73488E-03
CSH8 5.91335E-02 8.73286E-92 1.77430E-02 2.77518E-02
OH O.O000OE+O0 O.O0000E+O0 5.07489E-03 $.061q_E-O$
H O.OOOOOE+OO O.OOOOOE+O0 8.30086E-04 2.96779E-05
H02 O.OOOOOE÷OO O.OOOOOE÷OO 1.908_1E-05 2.23_2BE-05
H202 O.OOOOOE÷OO O.800OOE+OO 1.07477E-06 1.29672E-06
AR 8.76890E-03. 1.17317E-02 8.27951E-03 1,17317E-02

VOLUME 500.000 CI_X3 HASS FLO 1160.00 GI4/SEC

MDOT/VOLUME : 2.32000 RESZDENCE TIME = 0.378 MSEC ITERATIONS : 5

COMPUTATIONAL NORK REQUIRED FOR PSR CALCULATION*-
NO. OF ITERATIONS = 89 CPU TIME : 1.83333_E+00 S

(LSENS) END OF THIS CASE

TOTAL CPU TIHE (INCLUDING Z/O) REQUIRED = 2._00001S

(LSENS) READ DATA FOR NEXT CASE
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